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ABSTRACT

Despite the prevalence of bilingualism worldwide, the effect of using multiple languages on the 

cognitive process of math is only just beginning to be understood. Arithmetic in particular draws 

on linguistic representations of numerical facts and also on executive function skills, and there is 

evidence that monolinguals and bilinguals differ in these respects: Bilinguals are unique by 

virtue of having two languages with which they can perform arithmetic and store arithmetic 

facts, and some have argued that the lifelong experience of navigating two language systems can 

have consequences for other cognitive abilities. This dissertation examines brain activity during 

arithmetic processing in a group of English monolinguals and early Spanish-English bilinguals. 

Because the cognitive processes used to solve arithmetic problems differ for the different types 

of operations, and because adults and children may solve problems differently, we also examined

potential modulatory roles for operation (addition versus subtraction) and age group (adults 

versus children). We used functional magnetic resonance imaging to measure brain activity 

while participants solved single-digit addition and subtraction problems. Our first study asked 

whether monolinguals and bilinguals differ in their brain activation during arithmetic, and our 

second study asked whether activation differs when solving arithmetic problems in either English
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or Spanish, within bilinguals. We examined these research questions using voxel-wise 

frequentist analyses, and also using Bayes factors in order to assess evidence for the null versus 

alternative hypotheses. Our neuroimaging findings revealed no differences in brain activation 

between monolinguals and bilinguals, and no differences between English and Spanish within 

bilinguals. Neither operation nor age group interacted with bilingual language experience or with

the language used for carrying out arithmetic, in terms of affecting brain activity. Ultimately, our

results show that the experience of early bilingualism results in use of the same brain regions for 

performing arithmetic in two languages, and in ways that are indistinguishable from a 

monolingual.
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CHAPTER 1

GENERAL INTRODUCTION

Mathematical skills are critical for academic success and for success later in life (G. J. Duncan et

al., 2007; National Mathematics Advisory Panel, 2008; Price, Mazzocco, & Ansari, 2013; 

Reyna, Nelson, Han, & Dieckmann, 2009; Ritchie & Bates, 2013; Sadler & Tai, 2007; Siegler et 

al., 2012). One of the foundational skills in this domain is arithmetic, or the ability to manipulate 

numbers through the operations of addition, subtraction, multiplication, and division. There has 

been sustained interest in understanding the neural underpinnings of these skills, both given their

importance in typical development, and because a poor grasp of these skills is one way in which 

dyscalculia, a numeracy-specific learning disability, manifests (Butterworth, Varma, & 

Laurrilard, 2015; Jordan & Hanich, 2003). Individuals who are bilingual have the unique 

experience of being able to do arithmetic in more than one language. An investigation into the 

brain bases of arithmetic in bilinguals forms the focus of this dissertation. Before delving into 

that topic, I will set the stage by discussing various aspects of arithmetic processing, including 

neurocognitive models of this process and the implications they present for bilingual numerical 

cognition, and the connections between arithmetic and the related skills of language and 

executive function. In the end, I will tie these topics together by discussing how bilinguals might 

be expected to differ from monolinguals, and in each of their two languages, when it comes to 

the functional neuroanatomy of arithmetic.
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MODELS OF ARITHMETIC PROCESSING

The goal of characterizing arithmetic processing was first served by cognitive (Ashcraft, 1992, 

1995; McCloskey, Harley, & Sokol, 1991; Siegler, 1998) and then neurocognitive models. The 

most popular of the latter remains the triple-code model put forth by Dehaene (1992). As the 

name implies, this model posits three brain areas that differentially contribute to number 

processing: the bilateral intraparietal sulcus, containing an amodal, abstract representation of 

numbers deemed the brain’s “core quantity system”; the left angular gyrus, recruited when tasks 

place demands on verbal processing (as in some arithmetic operations); and ventral temporo-

occipital cortex, recruited when stimuli are displayed as Arabic digits (Dehaene, 1992; Dehaene 

& Cohen, 1995, 1997; Dehaene, Piazza, Pinel, & Cohen, 2003).

Two other models that differ slightly from Dehaene and colleagues’ have also received 

traction: the abstract code model and the encoding complex model. The key tenet of

McCloskey's (1992) abstract code model is implied in its name: that is, that the mind operates on

an abstract quantity code. Separate systems handle the job of converting various types of input 

(spoken, Arabic digit, written number word, etc.) into the amodal code, upon which calculation 

is performed; relatedly, another set of systems is responsible for generating the different possible

types of output. Unlike Dehaene’s model, the abstract code model does not make explicit 

neuroanatomical predictions. Ultimately, the abstract code model has fallen out of favor amid 

mounting evidence that the surface format of numbers has a substantial impact on the cognitive 

and neural mechanisms for solving arithmetic problems (Campbell, 1994; Campbell & 

Fugelsang, 2001; Cohen Kadosh & Walsh, 2009; McNeil & Warrington, 1994; Myers & Szücs, 

2015).
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Finally, the encoding complex model (Campbell & Clark, 1988, 1992; Clark & Campbell,

1991) lays out yet a third conceptualization of how the mind might carry out arithmetic. This 

model differs from the first two in that it proposes separate loci for processing, as opposed to a 

centralized abstract representation of quantity; together these loci form the “encoding complex,” 

whose format-specific associations are experience-dependent. Of particular relevance for this 

dissertation, this model makes explicit predictions for how a bilingual may do arithmetic

(Campbell & Epp, 2004). According to the model, separate representations in each language 

exist. The experience-dependency of the encoding complex dictates that a bilingual who rarely 

does arithmetic in their second language will have weak associations between arithmetic facts in 

that language and other aspects of the number processing system.

While this dissertation was not designed to test the validity of these models in the context

of bilingualism, they can be helpful for structuring our thinking on the topic of bilingual 

arithmetic. Each model makes slightly different predictions (and most often implicit ones, with 

the exception of the encoding complex model) for how arithmetic in two languages would be 

accomplished, as elegantly outlined by Wicha, Dickson, and Martinez-Lincoln (2018; see also 

Noël & Fias, 1998). Based on work by Dehaene and colleagues which demonstrated that 

arithmetic facts are stored in a language-specific format in bilingual individuals (Dehaene, 

Spelke, Pinel, Stanescu, & Tsivkin, 1999), the triple code model has been taken to imply that 

bilinguals store arithmetic facts primarily (or even exclusively) in the language in which they 

were originally learned, with translation to that language being the proposed mechanism for 

doing arithmetic in the other language. In the case of the abstract code model, it would be 

assumed that bilinguals have double the number of input and output mechanisms compared to a 
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monolingual (i.e. verbal and written number routes in one language as well as in the other), all of

which lead to or stem from the abstract quantity representation. Finally, as already described, the 

encoding complex model explicitly stipulates that bilinguals will have multiple representational 

systems for each language, including verbal and written number facts, and that the strength of 

these systems will depend on experience.

Another topic that bears discussing here, which was a major focus of the earlier cognitive

models of arithmetic processing as they sought to explain how the mind does arithmetic, 

concerns strategy use. When solving a given problem, an individual has numerous strategies 

available to them, which vary in their efficacy. For instance, they could solve 5 + 3 by employing

a procedure such as counting (“five…six, seven, eight”). More likely, they will simple retrieve 

the answer from memory, where it is stored as are other types of fact knowledge (“five plus three

equals eight”). This point bears relevance because the four arithmetic operations are 

characterized by differing distributions of strategy use. For now I will focus on strategy use in 

adults (development of arithmetic skills is the topic of a later section). For simple addition, 

subtraction, and multiplication problems, the primary solution strategy is retrieval. In the case of 

more complicated arithmetic problems, as well as division, a variety of strategies are employed, 

from retrieval to counting to decomposition of the problem (for a comprehensive study of all 

four operations and a review of prior literature, see Campbell & Xue, 2001). Addition and 

subtraction form the exclusive focus of this dissertation. As we will see in the subsequent 

section, the operations differ not only in the strategies used to solve them, but also in the brain 

areas that underlie these processes.
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BRAIN BASES OF ARITHMETIC

The first study of the functional neuroanatomy of arithmetic can be dated back to 1985, when

Roland and Friberg asked participants to count down from 100 by threes, while a device 

measured the photons given off by radioactive material injected into their bloodstreams. 

Although brain imaging techniques would advance by leaps and bounds in the coming decades, 

at the time of this study the frontal and parietal lobes emerged as important areas that were active

across participants. Fast forward to 2011, and Arsalidou and Taylor are able to publish a meta-

analysis of 25 functional MRI studies that together outline the functional neuroanatomy of 

arithmetic in adults. In 2018, they repeat their efforts with 17 studies that used functional MRI to

measure brain activity during calculation in children (Arsalidou, Pawliw-Levac, Sadeghi, & 

Pascual-Leone, 2018). From these two comprehensive meta-analyses, the picture that emerges 

highlights a network of both cortical and subcortical brain regions that are commonly activated 

across math tasks conducted in research laboratories around the world. True to the very first 

studies of arithmetic in the brain, inferior parietal areas emerge as key players in number 

processing, showing engagement across a variety of tasks that involve manipulation of quantities

(Dehaene, 2011). Depending on the other demands of the specific task, a host of other areas 

become involved. For example, inferior temporo-occipital regions become important for the 

representation of Arabic digits (Yeo, Wilkey, & Price, 2017). For retrieval of memorized 

arithmetic facts that are stored in a linguistic format, the left angular gyrus plays a central role

(Dehaene & Cohen, 1995). When tasks place greater demands on cognition, as in complex 

arithmetic, additional areas such as the prefrontal cortex, insula, cingulate gyrus, subcortical 

regions (e.g., thalamus, caudate), and the cerebellum are reliably activated as well, reflecting 
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such added processing requirements as deploying working memory resources to access and 

manipulate number facts stored in long-term memory representations (Arsalidou & Taylor, 

2011).

Several fMRI studies (De Smedt, Holloway, & Ansari, 2011; Evans, Flowers, Luetje, 

Napoliello, & Eden, 2016; Prado et al., 2011; Yang et al., 2017) have interrogated differences 

between operations, generally tending to find relatively greater activation in left-hemisphere 

perisylvian areas (e.g., middle temporal gyrus, angular gyrus) during addition and multiplication,

hypothesized to reflect verbally mediated retrieval of problem solutions. Conversely, subtraction 

evokes relatively more bilateral activity in regions such as the inferior parietal lobules, reflecting 

magnitude processing and deployment of procedural strategies (Dehaene, Piazza, Pinel, & 

Cohen, 2003). Paralleling the behavioral findings of strategy differences between operations 

discussed earlier, some studies have directly interrogated the relationship between the strategy 

used to solve arithmetic problems and the brain areas that are consequently active, again 

unveiling differences on the basis of strategy (Cho, Ryali, Geary, & Menon, 2011; Grabner et al.,

2009; Polspoel, Peters, Vandermosten, & De Smedt, 2017; Tschentscher & Hauk, 2014). Studies

of patients with brain damage who exhibit dissociations in performance between arithmetic 

operations are also indicative of distinctions in the brain bases of these operations (Dagenbach &

McCloskey, 1992; Dehaene & Cohen, 1997; Delazer, Girelli, Semenza, & Denes, 1999; Singer 

& Low, 1933; Van Harskamp & Cipolotti, 2001). Finally, training studies in adults have also 

helped to elucidate this relationship. In one such example of these types of studies, adults were 

trained to solve novel arithmetic problems using a particular strategy, for instance either by 

memorization or by sequential use of procedures. Brain activation consequently reflected the 
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strategies used during training, with memorization strategies being tied more closely to the 

angular gyri, reflecting language-mediated processing, and procedural strategies to the 

precuneus, reflecting processing related to visual imagery. (Delazer et al., 2005). 

ARITHMETIC AND LANGUAGE 

The cognitive abilities of arithmetic and language are intertwined (Campbell & Epp, 2004; 

Dehaene & Cohen, 1995). While it is true that humans, like other animals, possess a language-

independent quantity system, this system is limited in its specificity (Dehaene, 2011). The 

system is helpful for an approximate understanding of quantity, but a more precise system is 

needed in order to perform exact arithmetic calculations. Studies of patients with brain damage 

were important in initial demonstrations of the relationship between arithmetic and language

(Dagenbach & McCloskey, 1992; Dehaene & Cohen, 1997; Singer & Low, 1933). For example,

Delazer, Girelli, Semenza, and Denes (1999) studied the arithmetic abilities of patients suffering 

from Broca’s aphasia, finding them to have poorer multiplication skills compared to their 

subtraction skills, which reinforces the purported language dependence of multiplication 

described in an earlier section.

A different type of demonstration of the connection between these facets of human 

cognition took advantage of the ability to test the language dependence of mathematical 

calculation within bilinguals, who could calculate in both Russian and English (Dehaene et al., 

1999; Spelke & Tsivkin, 2001). In these studies, researchers trained participants to solve 

complex math problems that were either exact (i.e., addition in base 6) or approximate (i.e., 

estimating approximate cube roots). Importantly, some problems were trained only in Russian, 
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while others were trained only in English. When tested on the problems in both languages, 

knowledge of approximate calculation transferred between languages. This was not the case for 

exact arithmetic, on which bilinguals were markedly slower when solving problems presented in 

their other language, compared to problems presented in the language of training.

The relationship between arithmetic and language has been studied most extensively in 

young children, the aim of that body of research being to determine whether language abilities 

are related to math skills, either in a given moment or longitudinally. The findings of such 

investigations have been mixed, but generally support a relationship between linguistic abilities 

and single-digit arithmetic (De Smedt & Boets, 2010; Fuchs et al., 2006; Hecht, Torgesen, 

Wagner, & Rashotte, 2001; Lefevre et al., 2010; Träff, Olsson, Skagerlund, & Östergren, 2018; 

Vukovic & Lesaux, 2013b). In one example of such a study, De Smedt, Taylor, Archibald, and 

Ansari (2010) tested the phonological awareness skills of 9-11-year-old children, and found 

these to be significantly correlated with accuracy and reaction time on an arithmetic task. A 

longitudinal study by Praet, Titeca, Ceulemans, and Desoete (2013) found that language skills 

measured in kindergarten (measured by a comprehensive battery tapping many facets of 

language ability) were predictive of arithmetic skills measured a year later in first grade.  A 

functional neuroimaging study has also yielded support for this relationship, finding that 

activation in frontal and temporal cortices during phonological processing significantly predicted

longitudinal gains in multiplication but not subtraction, highlighting the importance of language 

particularly for operations more likely to be solved by language-mediated retrieval (Suárez-

Pellicioni, Fuchs, & Booth, 2019).
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ARITHMETIC AND EXECUTIVE FUNCTION

As with the relationship between arithmetic and language, the relationship between arithmetic 

and executive function has been studied most vigorously in children, and has been the topic of 

several comprehensive reviews (Bull & Lee, 2014; Cragg & Gilmore, 2014; DeStefano & 

LeFevre, 2004; Raghubar, Barnes, & Hecht, 2010). Some empirical studies have taken an 

individual differences perspective and have explored a relationship between executive function 

skills and math abilities, both in the same moment of time and measured longitudinally. In one 

such study, Harvey and Miller (2017) measured shifting, inhibitory control, and working 

memory abilities in 3-4-year-old children, as well as an array of mathematical skills. The authors

found that arithmetic skills were significantly correlated with all three executive function 

measures.

Many other studies of the relationship between executive function and arithmetic have 

focused on the Baddeley and Hitch (1974) model, probing different aspects of the executive 

function system. All of the components of working memory as proposed by this model—the 

central executive, phonological loop, and visuospatial sketchpad—have variously been shown to 

play a role in arithmetic. As an example of the kind of study that probes arithmetic in the 

tradition of this model, consider the experimental manipulations performed by Imbo and 

Vandierendonck (2007). These researchers asked adults to solve simple addition and subtraction 

problems, with the twist that they had to simultaneously recall a letter string and repeat it after 

completing several arithmetic problems—a task that would load the phonological loop by 

requiring mental rehearsal of the letter string during problem solving. Compared to sessions 
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without this requirement, participants were slower to solve the arithmetic problems, suggesting 

that the phonological loop is important for arithmetic.

ARITHMETIC OVER DEVELOPMENT

Behavioral and neuroimaging studies have each uniquely informed the field’s understanding of 

arithmetic processing as it changes during development. The overarching goal of this work has 

been to characterize children’s performance as it develops towards adult-like competence, with a 

primary focus on the shift in strategy use that marks this transition (for reviews, see Ashcraft, 

1992; De Visscher & Noël, 2016; McCloskey, Harley, & Sokol, 1991). The observation has been

that children progress from slower, less efficient strategies for solving arithmetic problems such 

as counting, to the more rapid strategy of retrieval of problem solutions from memory, with this 

transition beginning around the time of third grade (Ashcraft, 1982, 1992; Geary, Brown, & 

Samaranayake, 1991; Imbo & Vandierendonck, 2008; National Research Council, 2001; Siegler,

1998). As with other topics already discussed, the operations differ to some extent, with addition 

relying primarily on retrieval. Subtraction problems, meanwhile, are solved by a variety of 

strategies, such as counting or deriving the solution based on the related addition fact

(Barrouillet, Mignon, & Thevenot, 2008; Siegler, 1998), though by adulthood participants 

primarily use retrieval to solve subtraction problems as well, especially with small problems, i.e. 

those with solutions less than ten (Campbell, 2008; Campbell & Xue, 2001). Intriguing 

neuroimaging research has corroborated that this transition to efficient retrieval strategies is 

critical for later academic success. In a study of high school students, Price and colleagues 

(2013) correlated brain activity during single-digit arithmetic with mathematics scores on the 
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PSAT, a standardized and nationally administered test of student achievement. Greater activation

in areas associated with arithmetic fact retrieval was associated with higher PSAT math scores, 

while greater activation in areas associated with procedural calculation was associated with 

lower scores. These findings indicate that the skillful use of retrieval strategies is important for 

success in mathematics.

A number of publications have elegantly reviewed the brain bases of arithmetic over 

development (Menon, 2014; Peters & De Smedt, 2018; Zamarian, Ischebeck, & Delazer, 2009), 

and the neural underpinnings of arithmetic in children, as revealed by fMRI, have also been the 

subject of two meta-analyses (Arsalidou et al., 2018; Kaufmann, Wood, Rubinsten, & Henik, 

2011). A main point of the findings in the field so far has been the considerable overlap between 

the fronto-parietal and ventral temporo-occipital networks of activation in both adults and 

children. In addition to this shared neural territory, children do show some differences from 

adults that parallel the trajectory of skill development observed by behavioral studies. In a 

landmark study that compared brain activation during simple arithmetic across a wide range of 

ages, Rivera, Reiss, Eckert, and Menon (2005) found that increasing age was associated with 

increasing activity in left parietal and ventral temporo-occipital areas and decreases in left frontal

cortex, anterior cingulate, insula, hippocampus, and basal ganglia regions. These results were 

interpreted as reflecting the greater recruitment of executive function and memory resources in 

children. Other functional neuroimaging studies that compared adults and children either linearly

or categorically have corroborated these findings (Chang, Metcalfe, Padmanabhan, Chen, & 

Menon, 2016; Davis et al., 2009; Evans et al., 2016; Kawashima et al., 2004; Kucian, Von Aster,

Loenneker, Dietrich, & Martin, 2008).
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In addition to studies that compared adults to children, studies of narrower age ranges 

have enriched the field’s understanding of arithmetic development in children. Rosenberg-Lee, 

Barth, and Menon (2011) showed that even over the course of a single year—from second to 

third grade—children had observable differences in brain activity and functional connectivity 

during arithmetic, including increased parietal and occipital activity. In a cross-sectional study 

that examined children in second through seventh grades, Prado, Mutreja, and Booth (2014) 

found a differentiation between operations, such that age-related increases during multiplication 

were found in left middle temporal gyrus and decreases in left inferior frontal gyrus, while age-

related increases during subtraction were found in right posterior superior parietal lobule. 

Another study investigated developmental changes specifically in terms of the neural 

representation of addition and subtraction: Chang, Rosenberg-Lee, Metcalfe, Chen, and Menon 

(2015) found overlap between these operations in a host of cortical regions in adults, but in no 

regions in children. This mirrors other observations about the developmental trajectory of 

strategy choice in children, for example, where it has been observed that they fairly rapidly 

transition from strategies such as guessing or counting to primarily using retrieval for addition; 

whereas in the case of subtraction, use of a variety alternative strategies such as counting or 

decomposition persists for longer (Geary et al., 1991; Imbo & Vandierendonck, 2008; Siegler, 

1998).

BILINGUALISM AND EXECUTIVE FUNCTION 

The literature on the relationship between bilingualism and executive function abilities is a 

complex and contentious one. It has received extensive review (Bialystok, Craik, Green, & 
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Gollan, 2009; Bialystok, Craik, & Luk, 2012; Hilchey & Klein, 2011; Kroll & Bialystok, 2013; 

Valian, 2015), critical commentary (Paap, 2019; Paap, Johnson, & Sawi, 2015, 2016; Paap, 

Sawi, Dalibar, Darrow, & Johnson, 2014), and meta-analysis (Adesope, Lavin, Thompson, & 

Ungerleider, 2010; Grundy & Timmer, 2017; Lehtonen et al., 2018; Nichols, Wild, Stojanoski, 

Battista, & Owen, 2020). This debate has even recently reached the realm of genetics

(Hernandez, Greene, Vaughn, Francis, & Grigorenko, 2015).

After decades of concern that bilingualism might be disadvantageous to individuals, 

research showing bilingual advantages over monolinguals on non-linguistic tasks launched a new

wave of studies investigating the effects of bilingualism on domain-general cognition. Executive 

function is a multi-faceted capacity (Miyake & Friedman, 2012) comprised of sub-processes 

such as updating, shifting, and inhibition—all of which have been shown to be performed better 

by bilinguals compared to monolinguals, according to various studies. To highlight a particular 

example that showcases the nuance among these findings, I turn to a study by Martin-Rhee and 

Bialystok (2008). The authors compared the performance of monolingual and bilingual children 

on two tasks. In the Simon task, children had to indicate with a left- or right-hand key press 

whether a square presented on a screen was red or green. Critically, the square could appear on 

either the right or left side of the screen, generating trials that were either congruent (the square 

appeared on the left and was the color that required a left button press) or incongruent (the 

square appeared on the left but was the color that required a right button press). In the second 

task, a version of the classic Stroop task, the children were asked to respond to pictures of a 

daytime or nighttime sky with the opposite label (i.e. calling a picture of the sun “night”); this 

task requires inhibition of an ingrained response in order to respond correctly. The bilinguals 
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only showed an advantage over monolinguals on the Simon task, which more closely mirrors the 

demands of bilingual language processing (i.e., selecting between two languages competing for 

production). Ultimately, the conclusion was that interference suppression (but not response 

inhibition) is enhanced in bilinguals.

Complementing the behavioral work, neuroimaging research began to explore differences

between monolinguals and bilinguals in brain structure, function, and connectivity (for reviews, 

see Costa & Sebastián-Gallés, 2014; Grundy, Anderson, & Bialystok, 2017; Pliatsikas & Luk, 

2016). This work began by exploring the extent to which the brain regions responsible for 

switching between languages in bilinguals overlapped with those used for domain-general 

executive function (Abutalebi & Green, 2007, 2008; Calabria, Costa, Green, & Abutalebi, 2018; 

Green & Abutalebi, 2013; Luk, Green, Abutalebi, & Grady, 2012). Comparisons of bilinguals 

and monolinguals as they completed non-linguistic tasks requiring cognitive control revealed 

differences in brain activation between the groups (Costumero, Rodríguez-Pujadas, Fuentes-

Claramonte, & Ávila, 2015; Garbin et al., 2010; Luk, Anderson, Craik, Grady, & Bialystok, 

2010; Rodríguez-Pujadas et al., 2014). These differences were suggestive of engagement of 

qualitatively distinct networks for non-verbal cognitive control in each group, with some brain 

areas showing greater activation for monolinguals, and others for bilinguals.

It should be stated that the findings of a bilingual advantage in executive function are not 

exactly robust. Indeed, it has repeatedly been noted that advantages are most often found in 

children and in older adults, yet are absent in young adults. Some researchers attribute this to the 

fact that young adults are at their cognitive peak, and are thus performing near ceiling on tests of 

executive function (Bialystok, Martin, & Viswanathan, 2005; Kroll & Bialystok, 2013). 
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However, others have called this claim into question, pointing to studies of training effects in 

young adults (suggesting that they are not at a performance ceiling; see Paap, 2019) and to 

studies failing to show additive effects of bilingualism and other experiences known to improve 

executive function (D’Souza, Moradzadeh, & Wiseheart, 2018). Other criticisms levied against 

the bilingual advantage hypothesis include that prior studies failed to control for factors such as 

socioeconomic status, or SES (de Bruin, Bak, & Della Sala, 2015; MacNab, 1979; Swain & 

Cummins, 1979) and that there is a publication bias in the field (de Bruin, Treccani, et al., 2015).

Indeed, numerous recent empirical studies of adults and children with large numbers of 

participants and large task batteries (Antón, Carreiras, & Duñabeitia, 2019; Dick et al., 2019; 

Duñabeitia et al., 2014; Gathercole et al., 2014; von Bastian, Souza, & Gade, 2015) and recent 

meta-analyses (Lehtonen et al., 2018; Nichols et al., 2020) have yielded little support for a 

bilingual advantage in executive function.

If bilingualism does indeed have consequences for executive function, we can begin to tie

this information in with the previously presented relationships between arithmetic skills and both

language and executive function, which will enable us to make predictions about how bilinguals 

may differ from monolinguals in terms of arithmetic. This is the focus of the next section.

BILINGUALISM AND NUMERICAL COGNITION

To complete the story, I now connect all of the above pieces by turning to a discussion of what is

known about numerical cognition in bilinguals. From the start, children growing up in a bilingual

environment encounter numerical situations that differ from those encountered by monolinguals. 

For example, they must learn the set of number words in two languages, on top of the challenge 
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also experienced by monolingual children of mapping these words onto the abstract notions of 

quantity that they represent (Wagner, Kimura, Cheung, & Barner, 2015). With these early 

number representations established, bilinguals now have two languages upon which to build the 

next level of mathematical understanding: arithmetic.

Given this additional linguistic challenge and the previously discussed relationship 

between language skills and arithmetic, it is understandable that some scholars have focused on 

the potential disadvantages of bilingualism when it comes to math. Naturally, the most interest in

this topic has come from studies of school-aged children. Disadvantages are expected to be 

particularly pronounced for children who are classified as second language learners—that is, 

they speak a different language at home and, upon enrolling in school, must learn the academic 

content of math classes while simultaneously learning the language of instruction. Children in 

this category have been found to have poorer language abilities and thus poorer numeracy skills 

early in development (Kleemans, Segers, & Verhoeven, 2011) and poorer math performance 

later in schooling (Abedi & Lord, 2001). However, it should be noted that there are several 

studies that found no performance differences between native English speakers and English 

language learners (with Spanish being the most commonly spoken other language among these 

learners); instead, findings were often attributable to low socioeconomic status (Harvey & 

Miller, 2017; Sarnecka, Negen, & Goldman, 2017; Vukovic & Lesaux, 2013a). An achievement 

gap in mathematics between White and Hispanic students in the United States has long been 

noted, though over time this gap has been shrinking (National Center for Education Statistics, 

2009). Of course, not all students who identify as Hispanic are bilingual, and research that 
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orthogonally compares ethnicity and bilingual status has indicated that the achievement gap is 

likely not attributable to bilingualism (Fernandez & Nielsen, 1986).

A slew of studies has focused more on bilinguals per se, rather than on incipient second 

language learners. These studies compared the performance of monolinguals to that of bilinguals 

on simple arithmetic tasks, with mixed results. A study comparing Spanish-English bilinguals to 

English monolinguals did not find reaction time differences during a simple addition verification 

task (Geary, Cormier, Goggin, Estrada, & Lunn, 1993), nor did a study comparing German-

Swedish bilinguals to German monolinguals on a written production task of simple arithmetic

(Mägiste, 1980). Both of these studies found that differences between monolinguals and 

bilinguals emerged only emerged in situations where more complex processing was required, 

while performance remained equivalent when the task involved only simple arithmetic. 

Meanwhile, Marsh and Maki (1976) found a monolingual advantage in reaction time, even when 

the deck was stacked in bilinguals’ favor (i.e., they were responding in their preferred language). 

In a task with auditorily-presented stimuli, McClain and Huang (1982) replicated Marsh and 

Maki’s observation of faster processing in English monolinguals compared to English-Spanish 

bilinguals, even among those who reported English to be their preferred language for arithmetic. 

However, McClain and Huang (1982) added an experimental manipulation that allowed them to 

attribute this result to situations when demands were placed on language switching—when 

bilinguals completed their English and Spanish experimental sessions on different days, no 

differences from monolinguals were observed. Thus, there is some evidence to suggest that 

bilinguals, due to the interfering presence of their second language, may experience 

17



disadvantages in arithmetic performance compared to monolinguals, though aspects of 

experimental design may influence this effect.

However, we can also call on the relationship between executive function and arithmetic 

skills, and instead posit that bilingualism, via its enhancement of executive function skills, may 

enhance math performance rather than impair it. There are several studies to support this claim, 

testing children from preschool through elementary school. One foundational concept of 

numeracy is that of cardinality, or the knowledge that each number of the counting sequence 

represents a specific quantity, so that when a set of objects is counted, the number of objects in 

the set is the last number of the counting sequence that was recited. Research indicates that 

monolinguals and bilinguals master an understanding of cardinality at the same rate (see De 

Avila & Duncan, 1979; Duncan & De Avila, 1979 for evidence of this in terms of the related 

concept of the conservation of number); interestingly, however, bilingual children seem to show 

superior abilities in applying this concept to complex situations. In a study of 4- and 5-year old 

participants, Bialystok and Codd (1997) demonstrated a bilingual advantage on a task that 

required children to ignore irrelevant perceptual information (i.e., the physical size of objects) 

and attend to task-relevant information (i.e., the quantity of objects). Bilingualism offers another 

benefit when it comes to numerosity, which is that it lays bare the arbitrary nature of numbers 

more so than the experience of monolingualism. One might surmise that bilinguals, having been 

exposed to two word mappings for each number (and for many other words), would have a leg 

up on understanding that the words themselves are arbitrary and that they represent an abstract 

concept (that is, that “two” and “dos” can both refer to two grains of rice or to two elephants). 

Indeed, superior performance of bilinguals compared to monolinguals has been shown on tasks 
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that require children to exploit the arbitrariness of number (Saxe, Becker, Sadeghpour, & 

Sicilian, 1989). Direct support for the connection between executive function advantages and 

numeracy advantages comes from a study that tested both skills in monolingual and bilingual 

preschoolers, finding bilingual advantages in working memory, numeral identification, and 

addition (Daubert & Ramani, 2019). Thus, it appears that from early on, bilingualism proves 

advantageous for foundational skills that form the basis for later math abilities. In a study of two 

large national datasets that rigorously controlled for confounding factors such as SES, sex, 

race/ethnicity, and English proficiency, Hartanto, Yang, & Yang (2018) produced support for 

this by finding that bilingualism was associated with higher math achievement in a group of 4- to

7-year-old children, including over time in a longitudinal design.

A further mathematical skill entails applying basic knowledge of arithmetic to the 

solution of word problems, which embed critical numerical information in a linguistic context. 

Here too, there has understandably been interest in whether bilinguals differ from monolinguals, 

with the main concern being that low proficiency in the language of testing may impair 

bilinguals’ performance. Kempert, Saalbach, and Hardy (2011) put this to the test and found that 

Turkish-German bilinguals with low proficiency in the language of testing (German) performed 

worse than monolinguals on simple word problems, but equivalently on problems containing 

distracting, irrelevant information. This finding parallels some of the original findings of a 

bilingual advantage in interference suppression (Bialystok et al., 2009), and again speaks to the 

role of executive function in explaining differences in performance between bilinguals and 

monolinguals under various experimental and educational conditions. Contrary to the original 

concerns of some researchers, it seems that bilingualism, especially in situations that lead to 
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strong proficiency in both languages, yields equivalent or better performance in math compared 

to monolinguals.

Another question of interest to the research community has to do with differences within 

bilinguals as they calculate in their two languages. As we have already seen, at first this line of 

research was not motivated by understanding anything about bilinguals, but instead by the 

potential they offered for learning about how the mind processed arithmetic more generally. How

could researchers best probe the relationship between language and math? Perhaps no population

could better answer that than bilinguals, whose behavior could be observed as they did arithmetic

in both of the languages available to them, and the interactions between these languages (or lack 

thereof) determined and described. The early theme was that bilinguals were faster and more 

accurate when calculating in their preferred language for math—that is, the language in which 

they learned it (Bernardo, 2001; Dehaene et al., 1999; Frenck-Mestre & Vaid, 1993; Marsh & 

Maki, 1976; Spelke & Tsivkin, 2001). Others have found that this between-language difference 

can be attenuated by extensive experience with the less familiar language (Martinez-Lincoln, 

Cortinas, & Wicha, 2015; Tamamaki, 1993; Van Rinsveld, Brunner, Landerl, Schiltz, & Ugen, 

2015). 

Three studies have investigated word problems in bilinguals by asking whether 

participants differ in their ability to solve word problems depending on the language in which the

problems are presented. Bernardo (2002) found that Filipino-English bilinguals performed more 

poorly in their second language. Interestingly, two studies of Spanish-English bilinguals, 

including those with a substantial difference in proficiency between these languages, revealed 
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bilinguals to be equally skilled at solving word problems in both languages (Morales, Shute, & 

Pellegrino, 1985; Secada, 1991).

A clever study by Rusconi and colleagues (2007) provided evidence for the automaticity 

of access to number facts in a bilingual’s two languages. In their experiment, the authors tested 

bilinguals on a word matching task. Participants viewed two number words presented on a 

screen, and were then asked to verify whether a subsequently presented number had been among 

the original two. Crucially, when the subsequently presented number word (i.e., forty-two) was 

the product of the other two (i.e., six and seven), reaction times to correctly reject the incorrect 

answer were slowed, suggesting automatic activation of number fact knowledge on the basis of 

presentation of number words. This was true even when the number word stimuli were presented

in the language that all participants reported as their less comfortable language for arithmetic. In 

support of the predictions of the encoding complex model, the authors interpret this as evidence 

that bilinguals indeed have distinct number fact representations for each language, on the basis 

that overt translation of number facts from one language to another (or even access to them in a 

single language) was not required by the task, and would in fact be detrimental to performance.

Just on the heels of that work, studies of bilingual math that directly interrogated the 

brain began to emerge. Like the behavioral work before them, these studies were primarily 

focused on using bilinguals as a tool to probe the connections between language and arithmetic. 

The first of these neuroimaging studies was by Venkatraman, Siong, Chee, and Ansari (2006), 

who trained early English-Chinese bilinguals on a complex exact arithmetic task. Training 

occurred in only one language, and testing during fMRI scanning occurred in both. The authors 

found greater activation in bilateral inferior frontal gyri and left inferior parietal lobule and 
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angular gyrus during exact arithmetic in the untrained versus the trained language. Their results 

were interpreted as corroboration of the triple code model, whereby exact arithmetic is proposed 

to rely on language-related brain areas. As did the behavioral studies of bilinguals, this finding 

supports the idea that arithmetic representations are specific to the language in which a bilingual 

learned them. Grabner, Saalbach, and Eckstein (2012) conducted a similar study in Italian-

German bilinguals and found that switching between languages (i.e., solving a problem in 

German that had been learned in Italian) yielded greater activity in frontoparietal areas 

associated with magnitude processing and executive function, suggestive of increased numerical 

processing and not merely translation, which would have yielded activity in language-associated 

areas. Similarly, Mondt et al. (2011) studied French-Dutch bilingual children as they solved 

simple addition or subtraction problems in either their home language or the language in which 

they learned arithmetic in school. They found that calculating in the home language yielded 

larger and more widespread activation, in areas suggestive of working memory and visual 

attention. Studies examining event-related potentials (ERPs) associated with arithmetic 

processing in bilinguals have also corroborated this by finding qualitative and quantitative 

differences in brain electrical potentials between the language in which arithmetic facts were 

learned, versus the bilinguals’ other language (Martinez-Lincoln, Cortinas, & Wicha, 2015; 

Salillas & Wicha, 2012; but, see Cerda, Grenier, and Wicha, 2019 for contrary evidence in 

bilingual children).

In the only functional neuroimaging study to examine simple arithmetic in both of a 

bilingual’s languages, Van Rinsveld, Dricot, Guillaume, Rossion, and Schiltz (2017) studied 

early German-French bilinguals who had received mathematics education in both languages. The
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authors used an auditory arithmetic verification task and tested both simple and complex addition

in both languages, aiming to tap into verbally mediated retrieval in the former condition, and 

procedural calculation in the latter. They found greater activation in left superior temporal areas 

during single-digit addition in German, which they attributed to stronger semantic mapping 

between problems and their solutions in the participants’ earlier learned language. In line with 

prior studies described above, during complex addition the authors found more widespread 

activation in French compared to German, in areas reflecting additional executive function and 

visuospatial processing demands. Intriguingly, differences between brain activation during 

arithmetic in each language were starker the more disparate an individual’s performance in both 

languages was. This suggests that despite the fact that these bilinguals had learned both of their 

languages relatively early in life and were highly proficient in both, differences in performance 

may yet have accounted for the observed between-language differences in brain activity.

From other fMRI studies of bilingual arithmetic that directly interrogated between-

language differences, this time in late bilinguals with substantial differences in proficiency 

between their first  (L1) and second (L2) languages, the overarching finding has been that doing 

arithmetic in the non-preferred language activates a broader swath of brain areas, again in 

alignment with the behavioral work which suggested that additional processing was involved for 

calculation in the non-preferred language. Wang, Lin, Kuhl, and Hirsch (2007) studied late 

Chinese-English bilinguals and found greater activation in left hemisphere frontoparietal regions 

during complex arithmetic in the bilinguals’ L2, which they interpreted as evidence for L2 

processing occurring via the L1. Using a similar paradigm, Lin, Imada, and Kuhl replicated this 

finding in fMRI (2012) and in MEG (2019), revealing greater activity in areas associated with 
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translation, executive function, and number processing for complex problems done in the L2 

versus the L1. Combining this evidence with that from Van Rinsveld and colleagues (2017), it 

appears that the brain bases of arithmetic in two languages differ according to bilinguals’ 

proficiency with their two languages. The less familiar a participant is with doing arithmetic in a 

given language, the starker the differences in brain activation. In the most extreme cases, 

additional activity in the L2 is reflective of translation to the more familiar language. When 

proficiency is more balanced, between-language differences may instead reflect underdeveloped 

arithmetic processing in the L2, this time indicative of increased executive function and 

visuospatial processing that is needed to carry out arithmetic in the less familiar language. The 

neural consequences when two languages are used for arithmetic, to which exposure was early 

and balanced, is still very much an open question.

Ultimately, the conclusion of both the behavioral and neuroimaging literature on 

arithmetic is that differences in processing would be likely expected between monolinguals and 

bilinguals, and between bilinguals’ two languages. These two comparisons are what this 

dissertation set out to investigate.

SUMMARY

As we have seen, there are several pieces here that give clues to an emerging story about the 

relationship between bilingualism and arithmetic. We know that arithmetic is intimately 

connected with language, and that it depends on executive function skills. Bilinguals obviously 

know two languages; we also know that bilinguals may have heightened executive function. 

However, the story of the connection between these topics still has numerous unwritten chapters.
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This dissertation will complete one such chapter by investigating arithmetic processing in the 

brains of bilingual adults and children who learned both English and Spanish early in life, 

comparing processing in these bilinguals to that of English monolinguals (Chapter 2), and also 

comparing processing in the two languages to each other within bilinguals (Chapter 3). Further, I

will ask whether any such differences are modulated by operation (addition versus subtraction) 

or by age (adults versus children), given the previously described developmental trajectory of 

strategies used to solve arithmetic problems. In the end, I find no support for a difference in brain

activation between monolinguals and bilinguals during arithmetic processing, nor any between-

language differences, nor an influencing role of operation or age. I confirm these findings 

through a variety of methods, from conservative (a whole-brain analysis) to generous (a 

voxelwise region of interest analysis) to non-frequentist (a Bayesian region of interest analysis 

indicating the strength of the evidence for the null hypothesis). Ultimately, what emerges is a 

picture of arithmetic processing in highly competent early bilinguals, for whom calculating in 

two languages does not appear evoke distinct brain activity, including when compared to the 

network used by monolinguals. 
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CHAPTER 2

DOES BRAIN ACTIVATION DURING ARITHMETIC DIFFER BETWEEN
MONOLINGUALS AND BILINGUALS?

INTRODUCTION

Arithmetic is an important academic and life skill. Accordingly, there have been significant 

research efforts to understand the factors that lead to arithmetic proficiency (Duncan et al., 2007;

National Mathematics Advisory Panel, 2008) and to characterize the brain bases of arithmetic 

using neuroimaging technology (Menon, 2014). Meta-analyses of these brain imaging studies 

have identified those regions subserving arithmetic, namely a network of bilateral frontal, 

parietal, and occipital regions, as well as insular and cingulate cortices, subcortical structures, 

and the cerebellum (Arsalidou et al., 2018; Arsalidou & Taylor, 2011). 

However, these studies of the brain bases of arithmetic have not taken into consideration 

the potential role of bilingualism, even though sustained bilingual language experiences are 

prevalent across the globe (Crystal, 2012; Grosjean, 2010; Tucker, 1998). The experience of 

bilingualism could impact arithmetic processing via the relationships between arithmetic and 

executive function (which may be altered in bilinguals compared to monolinguals); and, between

arithmetic and language, given that a bilingual can potentially calculate in two languages. These 

relationships (discussed below) notwithstanding, our current knowledge about the brain bases of 

arithmetic is derived from studies where participants’ language backgrounds are usually not 

specified. For example, of the 56 functional magnetic resonance imaging (fMRI) studies cited in 

recent meta-analyses and reviews of arithmetic in adults and children (Arsalidou et al., 2018; 
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Arsalidou & Taylor, 2011; Peters & De Smedt, 2018), only four explicitly mentioned whether 

their participants were monolingual (two studies) or bilingual (two studies; see Table A1). This 

observation means that over 90 percent of studies may have included some or many participants 

who are bilingual. Many of the bilingual individuals in these studies will have been capable of 

calculating in another language, particularly those with early use of their two languages. In 

practice, results tend to be generalized to the entire population, with no information on 

monolingual versus bilingual status. This raises the question of whether the inclusion of 

bilinguals influences the findings of these studies and subsequent meta-analytic results.

There are indeed reasons to believe that the use of more than one language could affect 

the functional anatomy subserving arithmetic. One is that extensive and routine experience with 

managing two language systems that are always mentally “active” may enhance executive 

function performance, as has been demonstrated in behavioral studies comparing monolinguals 

and bilinguals (for reviews, see Bialystok, Craik, Green, & Gollan, 2009; Bialystok, Craik, & 

Luk, 2012; Hilchey & Klein, 2011; Kroll & Bialystok, 2013; Valian, 2015; however, also see 

Dick et al., 2019; Lehtonen, Soveri, Laine, Järvenpää, de Bruin, & Antfolk, 2018; Nichols, Wild,

Stojanoski, Battista, & Owen, 2020; Paap, 2019;). Arithmetic relies on executive function, 

including working memory (Best, Miller, & Naglieri, 2011; Bull & Lee, 2014; Cragg & Gilmore,

2014; DeStefano & LeFevre, 2004; Friso-Van Den Bos, Van Der Ven, Kroesbergen, & Van Luit,

2013; Peng, Namkung, Barnes, & Sun, 2016; Raghubar et al., 2010; Yeniad, Malda, Mesman, 

Van Ijzendoorn, & Pieper, 2013), so the same bilingual experience that heightens executive 

function may well have a positive impact on arithmetic abilities through those aspects of 

executive function that influence math performance. Indeed, working memory is a domain where
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bilinguals have been shown to have advantages over monolinguals (Adesope et al., 2010; 

Grundy & Timmer, 2017; however, see Blom et al., 2017; Bonifacci et al., 2011; Engel de 

Abreu, 2011; Ratiu & Azuma, 2015), and this advantage transfers to relatively better arithmetic 

performance in bilinguals compared to monolinguals  (Daubert & Ramani, 2019; Hartanto et al., 

2018). Bilinguals have been shown to differ in terms of brain function, anatomy, and 

connectivity (for reviews, see Costa & Sebastián-Gallés, 2014; Grundy, Anderson, & Bialystok, 

2017; Pliatsikas & Luk, 2016), and some of these differences have been attributed to their 

enhanced executive function. Therefore, the question arises whether differences in behavior and 

brain function between monolinguals and bilinguals in the context of executive function affect 

the functional neuroanatomy of arithmetic, especially since some brain regions subserving 

arithmetic, e.g., insula, inferior frontal gyrus, inferior and superior parietal lobule, and caudate

(Arsalidou & Taylor, 2011), are shared with those subserving executive function (Cieslik, 

Mueller, Eickhoff, Langner, & Eickhoff, 2015). Further, some of these same regions (e.g., 

inferior parietal lobule, thalamus, and caudate) are specifically involved in bilingual language 

control (Abutalebi & Green, 2008; Bialystok et al., 2012; Calabria et al., 2018; Green & 

Abutalebi, 2013; Luk et al., 2012). Another reason that bilingualism could influence the brain 

system for arithmetic is that the presence of an additional linguistic representation of numbers 

and arithmetic problems may require a bilingual to utilize cognitive control in order to 

successfully carry out a task in a given language (Campbell & Epp, 2004). Therefore, it is 

possible that the bilingual experience impacts arithmetic processing in the brain, underscoring 

the need to compare brain activity during arithmetic between monolinguals and bilinguals. 
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A further reason to consider participants’ language backgrounds concerns a more fine-

grained relationship: that between phonological processing and arithmetic. In studies of children,

there is evidence for differences in phonological processing between monolinguals and 

bilinguals (for reviews, see Barac, Bialystok, Castro, & Sanchez, 2014; Wren, Hambly, & 

Roulstone, 2013). In the case of children who are bilingual in Spanish and English, bilingualism 

appears to confer some benefits in phonological processing (Bialystok, Majumder, & Martin, 

2003; Yavas & Core, 2001), perhaps owing to the phonological similarity between these 

languages (i.e., substantially overlapping sound inventories). Given the demonstrated importance

of phonological processing skills for arithmetic abilities (De Smedt & Boets, 2010; De Smedt et 

al., 2010; Fuchs et al., 2006; Hecht et al., 2001; Vukovic & Lesaux, 2013b), particularly for 

problems likely to be solved with retrieval strategies, it is therefore possible that bilinguals make 

use of their phonological processing abilities in ways that differ from monolinguals. 

Correspondingly, the neural structures responsible for both phonological processing and 

arithmetic retrieval, namely left frontal and temporo-parietal areas (De Smedt et al., 2010; Prado 

et al., 2011), may also differ on the basis of participants’ language backgrounds.

In studies of arithmetic, there has been a focus on the link between language and 

arithmetic processing, which is also important to consider in the context of bilingualism. Some of

the arithmetic operations rely more on language-mediated fact retrieval, such as addition and 

multiplication, particularly for small problems (Imbo & Vandierendonck, 2008). This is 

contrasted with subtraction and division, which tend to be solved with procedural strategies like 

counting or transformation (Barrouillet et al., 2008; Campbell & Xue, 2001; Siegler, 1998). 

Patient studies have shown a double dissociation between operations, such that brain damage 
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may selectively impair retrieval or calculation processing, leaving the other process intact

(Dagenbach & McCloskey, 1992; Dehaene & Cohen, 1997; Delazer et al., 1999; Singer & Low, 

1933). Several brain imaging studies of healthy adults further corroborate this point. Using 

fMRI, Prado et al. (2011) found that multiplication is more likely than subtraction to activate the 

left inferior frontal and middle temporal gyri, two regions identified in the same study with a 

phonological processing localizer task. Meanwhile, subtraction more so than multiplication 

activated the intraparietal sulcus, which in turn was identified with a separate numerosity 

comparison localizer task. In a study that directly compared addition and subtraction, subtraction

yielded greater activity in posterior parietal cortex (Rosenberg-Lee, Chang, Young, Wu, & 

Menon, 2011). Other studies have observed similar differences between operations, with addition

generally tending to be more left-lateralized, whereas subtraction appears to involve a more 

bilateral network (Arsalidou & Taylor, 2011; De Smedt et al., 2011; Evans et al., 2016; Yang et 

al., 2017). These differences in the brain bases of arithmetic operations are primarily attributed to

differences in the cognitive strategy used to solve different types of problems. Several functional 

MRI studies have directly asked participants about strategy and shown a relationship between the

strategy used to solve arithmetic problems and the brain areas that are consequently active (Cho 

et al., 2011; Grabner et al., 2009; Polspoel et al., 2017; Tschentscher & Hauk, 2014). Because of 

potential differences between operations, we sought to investigate whether operation (addition 

versus subtraction) played a modulatory role in any differences between monolinguals and 

bilinguals in the present study.

Brain imaging studies of arithmetic for the most part have focused on adults or children 

separately, with few studies including different age groups. Behavioral studies have 
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demonstrated that younger children’s arithmetic processing is less automatized and involves 

more laborious strategies like counting, as opposed to the efficient retrieval of memorized 

arithmetic facts employed by adults. This phenomenon of increasing retrieval use is observable 

for the operation of addition even as children progress through grade school (Geary, Brown, & 

Samaranayake, 1991; Imbo & Vandierendonck, 2008; National Research Council, 2001; Siegler,

1998). Given this developmental trajectory of arithmetic processing, it has been of interest to 

determine whether adults and children differ in their recruitment of brain areas during arithmetic.

In studies of addition and subtraction that compare adults and children (either categorically or in 

a linear fashion), activity in frontal brain areas appears to decrease over development while 

activity in parietal areas increases, reflecting an overall frontal to parietal shift as arithmetic 

processing becomes automatized and requires fewer executive function resources (Chang, 

Metcalfe, Padmanabhan, Chen, & Menon, 2016; Davis et al., 2009; Evans et al., 2016; 

Kawashima et al., 2004; Kucian, Von Aster, Loenneker, Dietrich, & Martin, 2008; Rivera, Reiss,

Eckert, & Menon, 2005; for reviews of the brain bases of arithmetic over development, see 

Peters & De Smedt, 2018; Zamarian, Ischebeck, & Delazer, 2009). However, to reiterate, these 

studies have not taken participants’ language backgrounds into consideration, raising the 

question of whether age-dependent aspects of arithmetic are modulated by bilingualism.

The purpose of this study is to compare brain activity during English arithmetic 

processing in English monolingual and early Spanish-English bilingual participants using an 

analysis of variance (ANOVA) to assess the main effect of Language Experience (monolinguals 

versus bilinguals), and any modulatory roles of Operation (addition versus subtraction) and Age 

Group (adults versus children) on Language Experience by testing for interactions between these

31



factors. Based on prior studies reviewed above, we hypothesized that brain activity between 

monolingual and bilingual groups during arithmetic processing would differ overall, in regions 

involved in arithmetic and in executive function (main effect of Language Experience). We also 

expected that differences in activity between monolinguals and bilinguals would play out more 

so for addition (relative to subtraction) in left hemisphere frontal and temporal brain areas, as 

that operation is more reliant upon language; at the same time, we expected that any differences 

between monolinguals and bilinguals would be revealed more so for subtraction than addition in 

parietal areas, as that operation is more reliant upon executive function and procedural strategies 

(interaction between Language Experience and Operation). We further expected that differences 

between the monolingual and bilingual groups would be especially pronounced in children, due 

to the fact that the bilingual advantage may be more robust in children than in adults (Bialystok, 

Martin, & Viswanathan, 2005; Kroll & Bialystok, 2013; but, see D’Souza, Moradzadeh, & 

Wiseheart, 2018; Paap, 2019), suggesting that any advantages in arithmetic linked to heightened 

executive control in bilinguals would be more apparent in children than in adults. On the other 

hand, bilingual adults have more experience with arithmetic and with managing their two 

languages than bilingual children, suggesting that the interaction between Language Experience 

and Age Group could, contrary to the first scenario, result in stronger differences in the bilingual 

adults. Lastly, given these predictions and the fact that adults are more likely to use retrieval 

strategies to solve arithmetic problems, we further expected to see a three-way interaction where 

children would show more of a difference between addition and subtraction than adults—a 

difference that would be more pronounced in bilinguals relative to monolinguals (interaction 

between Language Experience, Operation and Age Group).
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To test these predictions, we studied 25 adults and 19 children who were English 

monolinguals and 26 adults and 18 children who were early Spanish-English bilinguals. In order 

to compare our results with the prior literature, we first conducted whole-brain one-sample t-tests

for monolinguals and bilinguals separately, averaging activation over both operations and both 

age groups (additional and subtraction in monolingual adults and children; addition and 

subtraction in bilingual adults and children). To test our main hypothesis, we used a whole-brain 

mixed factorial ANOVA, and as noted above, tested for a main effect of Language Experience, 

and interactions between Language Experience, Operation, and Age Group. We followed up this 

whole-brain analysis with two post hoc analyses: a voxel-wise region of interest (ROI) analysis 

of seven predetermined ROIs located homotopically in each hemisphere (a total of 14) in regions

of the arithmetic network, and Bayes factors applied to the mean signal in each of these ROIs, to 

examine the strength of evidence for the null versus alternative hypotheses.

METHODS

Participants

Participants were 25 English monolingual adults (aged 18-29 years), 19 English monolingual 

children (aged 6-12 years), 26 Spanish-English bilingual adults (aged 18-28 years), and 18 

Spanish-English bilingual children (aged 7-12 years), all recruited from the greater Washington, 

D.C. Metropolitan Area (Table 1). No significant difference in age distribution between 

monolinguals and bilinguals was found in either the adult group (two-tailed t-test, p = 0.71) or 

the child group (p = 0.43).The sex distribution among the groups was not significantly different 

(chi-squared test, p = 0.11), Handedness was assessed with the Edinburgh Handedness Test
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(Oldfield, 1971); all adults and all monolingual children were right-handed, and three of the 

bilingual children were left-handed. All adult participants were enrolled in an undergraduate 

program or had completed a bachelor’s degree or higher at the time of participation. Among the 

children, all but one of their parents had graduated from high school; the vast majority had a 

college degree as well. To meet inclusion criteria, bilingual participants reported having learned 

both Spanish and English prior to the age of six and using both daily. They reported minimal 

exposure to third or additional languages, except one bilingual child who had a parent who spoke

Portuguese at home. Using the questionnaire described in Meschyan and Hernandez (2006), 

adult bilingual participants rated their listening, speaking, reading, and writing skills in both 

languages on a scale of 1 (low competence) to 7 (native-like); for bilingual children, a parent 

made this assessment for their child. The overall score across all four measures in the bilingual 

group was a 6.6 for English and a 6.2 for Spanish, indicating high competence in both languages.

This questionnaire has been used in our prior neuroimaging studies of bilingual cognition 

(Brignoni-Perez, Jamal, & Eden, 2020; Jamal, Piche, Napoliello, Perfetti, & Eden, 2012; 

Olulade, Jamal, Koo, Perfetti, LaSasso, & Eden, 2015) and is in line with standard practices in 

the literature. Monolingual participants reported no or minimal knowledge of a second language.

All experimental procedures were approved by the Institutional Review Board at 

Georgetown University. Written informed consent was obtained from all participants over the 

age of 18; for participants younger than 18, parental written consent was obtained in addition to 

verbal and written assent from the child. Twenty-seven of the monolingual participants (15 

adults and 12 children) were previously included in functional neuroimaging studies of 

arithmetic and reading (Evans et al., 2016; Evans, Flowers, Napoliello, Olulade, & Eden, 2014).
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Table 1. Participant characteristics.

Monolinguals Bilinguals
Adults Children Adults Children p-value

N
Sex (F / M)

25
(11F / 14M)

19
(8F / 11M)

26
(18F / 8M)

18
(11F / 7M)

0.11

Avg. Age (years)
Age Range (years)

21.8
(18.7 – 29.2)

9.4
(6.8 – 12.8)

22.1
(18.4 – 28.6)

9.9
(7.7 – 12.6)

0.71 (adults)
0.43 (children)

Characterization of mathematical abilities

Participants’ mathematical abilities were evaluated using the Woodcock Johnson III Tests of 

Achievement Calculation subtest (Woodcock, McGrew, & Mather, 2001). All had standard 

scores greater than 85, indicating that their math abilities fell within or above the normal range. 

A two-sample t-test revealed that monolingual participants (average standard score = 113) scored

significantly higher (p = 0.019) than bilingual participants (average standard score = 118) on this

measure.

In-scanner arithmetic task

In the MRI scanner, participants completed two runs of a single-digit arithmetic verification task 

as reported in prior studies of the functional brain bases of arithmetic (Evans et al., 2016, 2014). 

A schematic of one run of the task is depicted in Figure 1.  Prior to entering the scanner, 

participants received training on the task with paper stimuli, then on a computer screen, and 

finally in a mock scanning environment; training was reinforced until participants were 

comfortable with the task and able to perform it successfully. In this task, participants solved 

visually presented addition or subtraction problems consisting of Arabic digits (e.g., 3 + 5 = 8) 

and responded with a left/right hand button press to indicate whether the provided solution was 
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correct or incorrect. Incorrect solutions deviated from the correct answer by a value of 1. The 

entire problem, including its solution, appeared on the screen simultaneously and was present for

3000 ms, with a 1200 ms interstimulus interval during which a fixation cross was presented. For 

the active control task for both addition and subtraction, two of the digits in each equation were 

replaced with pseudofont characters; this time participants indicated whether these were the same

or different characters. In all conditions, half of the stimuli were correct. Bilingual participants 

were asked to think in English during the completion of the task, an instruction that was 

reinforced by reminders delivered in English before each run. Participants completed additional 

tasks in Spanish during their visit, but the English math scans were embedded in an imaging 

session with another task (single-word processing) conducted in English. 

The task was executed using Presentation software. Each of the two runs consisted of 

unique problems such that no problems repeated between runs. The order of the runs was 

counterbalanced across participants and randomized at the outset of the study. Addition, its 

active control task, subtraction, and its active control task were presented in separate blocks 

within a single run; a period of passive fixation lasting 18 seconds occurred between each of 

these blocks. Each block contained 10 stimuli. The entire run lasted 4 minutes and 27 seconds. 

Each task run began and ended with a period of passive fixation.

Runs from any participant who scored less than 50% (representing chance levels in this 

two-alternative task) on addition and subtraction trials combined were excluded from analyses. 

One run from a monolingual child and one run from each of two different bilingual children were

excluded for this reason. In these three cases, the remaining run from the participant was entered 

into analyses. All participants scored at or above chance on the pseudofont active control task. 
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Reaction time data were also collected for later analyses. In-scanner performance data were 

missing for one monolingual adult, one monolingual child, and one bilingual adult.

Accuracy and reaction time data from the in-scanner math tasks (averaging across 

included runs) were submitted to a 4x2 mixed factorial ANOVA with two between-participants 

factors (Language Experience: monolinguals versus bilinguals; Age Group: adults versus 

children) and one within-participant factor (Operation: addition versus subtraction). Analyses 

were conducted using the open statistical software program jamovi, version 1.1.9.0 (the jamovi 

project, 2020).

Figure 1. Schematic of arithmetic task paradigm. The figure reflects one run of the task, 

including alternating blocks of fixation, task, and active control task conditions.

fMRI acquisition

Whole head echo-planar images (EPI) were collected on a 3.0-Telsa Siemens Magnetom Tim 

Trio scanner at the Center for Functional and Molecular Imaging at Georgetown University 

Medical Center with the following parameters: TR of 3000 ms, TE of 30 ms, 64 x 64 matrix, 192

mm FOV, flip angle = 90o, 50 axial slices collected in a descending sequence, 3.0 x 3.0 x 2.8 mm

voxels with a 0.2 mm gap. High-resolution T1-weighted structural brain images were also 
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collected, for the purpose of coregistering the functional images. During the 4 minute and 27 

second duration of each functional run, 89 full 3D brain volumes were collected.

fMRI preprocessing and first level contrasts

Preprocessing and first level analyses were conducted using SPM12 (Statistical Parametric 

Mapping, 2020). Preprocessing involved removal of the first five volumes of each run to account

for T1 saturation effects. The remaining volumes were corrected for slice timing and then for 

motion deviations within each run. Any run in which a participant’s motion deviated more than 

1.5 mm in more than 10% of volumes (measured from one volume to the next) was removed 

from analyses. Three runs from monolingual children, three from bilingual adults, and two from 

bilingual children were excluded for this reason. In all cases, this entailed the loss of one run of 

data from a given participant; the remaining run was included in analyses. Further, each 

individual volume exceeding the 1.5 mm threshold was censored and 6 motion parameters 

representing movement in the roll, pitch, yaw, x, y, and z directions were entered as regressors in

functional analyses. A threshold of more than a 5% deviation in global signal was additionally 

used as an exclusion criterion; no runs from any participant exceeded this threshold. Motion-

corrected (realigned) images were then coregistered to each participant’s high-resolution 

structural image. Finally, images were normalized to the standard Montreal Neurological 

Institute (MNI) EPI template and smoothed using an 8 mm3 full width half maximum Gaussian 

kernel. Functional images from all participants were normalized to the adult template, in 

accordance with prior published work comparing the functional neuroanatomy of arithmetic in 

adults and children (Evans et al., 2016). Images underwent careful visual inspection to ensure 
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that they were free of neural abnormalities or artifacts, and to verify that each preprocessing step 

was executed successfully.

Task data were analyzed using a general linear model examining addition and 

subtraction. Contrast maps were generated for each participant using the comparisons Addition >

Addition Active Control, and Subtraction > Subtraction Active Control. For consistency with 

prior work (Evans et al., 2016), the addition and subtraction tasks were also contrasted with 

fixation (rather than the active control tasks), to address any potential concerns that the active 

control task is processed differently by children and adults (Church, Petersen, & Schlaggar, 

2010).

Whole-brain within-group maps for arithmetic in monolinguals and bilinguals (age groups and 

operations combined)

Within-group maps revealing brain activity separately in monolinguals and bilinguals, collapsed 

across age groups and operations; were generated using one-sample t-tests implemented in 

SPM12 (Statistical Parametric Mapping, 2020). These maps compared the task conditions to 

their active control tasks. A height threshold of p < 0.005 and an FDR cluster-level extent 

threshold of p < 0.05 were used. Data were visualized using MRIcroGL (Rorden, 2019).

Whole-brain mixed factorial ANOVA

This analysis utilizes a 4x2 mixed factorial ANOVA implemented in SPM12 (Statistical 

Parametric Mapping, 2020) with Language Experience (monolinguals versus bilinguals) and Age

Group (adults versus children) as between-participants factors and Operation (addition versus 
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subtraction) as a within-participant factor. First, we examined the main effect of Language 

Experience. Next, we tested the two-way interactions of Language Experience x Operation and 

Language Experience x Age Group. Finally, we tested the three-way interaction of Language 

Experience x Operation x Age Group. For all analyses of this type, the task condition was 

compared to fixation. A height threshold of p < 0.005 and an FDR cluster-level extent threshold 

of p < 0.05 were used.

Region of interest mixed factorial ANOVA

In addition to the whole-brain analyses described above, the 4x2 mixed factorial ANOVA 

analysis was conducted post hoc in regions constrained to a binarized mask of the seven ROIs in 

each hemisphere (14 total) known to be involved in arithmetic. These regions were selected 

based on the Peters and De Smedt (2018) review of the functional correlates of arithmetic, and 

included the hippocampi (HC), superior parietal lobules (SPL), intraparietal sulci (IPS), angular 

gyri (AG), supramarginal gyri (SMG), inferior frontal gyri (IFG), and middle frontal gyri 

(MFG). The mask was generated using the Anatomy Toolbox (Eickhoff et al., 2007) for all ROIs

except the MFG, which was created using the Harvard-Oxford Atlas in FSL (version 6.0), 

removing any overlap with the IFG ROI. All ROI analyses were conducted using the contrast of 

task versus fixation. A height threshold of p < 0.005 was used, and small volume correction was 

performed within the ROI mask (Worsley et al., 1996).
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Bayesian region of interest analyses

In addition to the frequentist statistical tests described above, we conducted a post hoc Bayesian 

repeated measures ANOVA (Rouder, Morey, Speckman, & Province, 2012). This approach has 

been argued to have advantages over the traditionally used p-value (Dienes, 2014; Gallistel, 

2009; Wagenmakers, 2007; Wetzels et al., 2011). For this analysis, the mean signal was 

extracted separately from each of the 14 ROIs detailed in the previous section, using the beta 

values of the general linear model for each task versus fixation contrast, averaged across the time

series of both runs of a task (where applicable). Mean signal was extracted using MarsBaR 

version 0.44 (Brett, Anton, Valabregue, & Poline, 2016). The ROI analyses were conducted 

using the “jsq” module in the open statistical software program jamovi, version 1.1.9.0 (the 

jamovi project, 2020). We used Bayes factors to establish evidence for the null hypothesis versus

the alternative hypothesis.

RESULTS

In-scanner task performance

Across all conditions (addition, subtraction, and their respective active control tasks), totaling 40 

trials per run, all participants achieved an accuracy sore of at least a 50% in each run. All 

analyzed runs met a further accuracy criterion of 50% or greater when averaging across the 

addition and subtraction conditions. Raw accuracy and reaction time scores for each task 

condition are reported in Table 2. Scores were coded to allow for up to one instance of self-

correction (during which a participant realized their error and rapidly pressed the correct button) 

per trial.
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Accuracy

A mixed factorial ANOVA was conducted for accuracy on the math tasks, to parallel the 

factorial fMRI analysis, and revealed significant main effects of Operation (F(1, 81) = 36.51, p <

0.001, partial η2 = 0.31) and Age Group (F(1, 81) = 31.93, p < 0.001, partial η2 = 0.28), and an 

Operation x Age Group interaction (F(1, 81) = 16.42, p < 0.001, partial η2 = 0.169). Post hoc t-

tests revealed that addition problems were solved more accurately than subtraction problems (p <

0.001), and adults were more accurate than children (p < 0.001), with the relatively greater 

accuracy of addition over subtraction being more pronounced for children than for adults. There 

was no significant main effect of Language Experience, and no interactions between Language 

Experience and Operation, Language Experience and Age Group, or between all three factors.

Reaction time

A similar mixed factorial ANOVA was conducted for reaction time on the math tasks, and 

revealed significant main effects of Language Experience (F(1, 81) = 5.53, p = 0.021, partial η2 =

0.064), Operation (F(1, 81) = 87.51, p < 0.001, partial η2 = 0.52) and Age Group (F(1, 81) = 

108.06, p < 0.001, partial η2 = 0.57), and an Operation x Age Group interaction (F(1, 81) = 5.74, 

p = 0.019, partial η2 = 0.066). Post hoc t-tests revealed that monolinguals were faster than 

bilinguals (p = 0.021), addition was solved more quickly than subtraction (p < 0.001), and adults 

were faster than children (p < 0.001), with the relatively greater speed on addition compared to 

subtraction problems being more pronounced for children than for adults.
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Table 2. Performance on in-scanner arithmetic task.

Monolinguals Bilinguals
Adults Children Adults Children

Addition 
Accuracy (SD)
RT (SD)

99.6% (1.4)
995 ms (135)

93.3% (8.7)
1760 ms (479)

99.2% (1.9)
1197 ms (227)

89.2% (15)
1913 ms (555)

Addition 
Control

Accuracy (SD)
RT (SD)

98.8% (4.2)
919 ms (123)

98.6% (2.9)
1258 ms (187)

98.2% (4.5)
1010 ms (154)

95.8% (7.1)
1390 (272)

Subtraction
Accuracy (SD)
RT (SD)

98.8% (3.4)
1183 ms (197)

84.7% (20)
2159 ms (525)

96.2% (5.8)
1457 ms (317)

78.3% (18)
2271 ms (568)

Subtraction 
Control

Accuracy (SD)
RT (SD)

98.5% (2.3)
946 ms (150)

96.7% (5.4)
1271 ms (218)

93.8% (9.5)
1053 ms (186)

92.2% (11)
1358 (309)

Accuracy (reported in percentage correct out of 100), reaction time (RT; reported in milliseconds), and 
their standard deviations (in the same units) are reported, separated by language experience and age 
group.

Whole-brain within-group maps for arithmetic in monolinguals and bilinguals (age groups and 

operations combined)

The contrast of arithmetic > active control in both the monolinguals and bilinguals (collapsed 

across operations and age groups) revealed a broad area of bilateral activation spanning middle, 

inferior, and medial frontal gyri; insula; precentral gyri; cingulate gyrus; superior and inferior 

parietal lobules; angular gyrus; claustrum; and cerebellum (Figure 2). Each group map yielded a 

single large cluster spanning many voxels (monolinguals: 38593; bilinguals: 26293 voxels), and 

therefore sub-peaks for each group (determined by SPM12) are displayed in Table 3; where 

activation spans multiple Brodmann areas, both are reported.
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Figure 2. Group maps for brain activity during arithmetic (compared to the active control 

task) in monolinguals (yellow) and bilinguals (blue), collapsed across operations and age 

groups.
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Table 3. Anatomical locations and MNI coordinates of significant activation for the 

contrast of task > active control task, separately for monolinguals and bilinguals (collapsed 

across age groups and operations).

Anatomical location
Brodmann

area
MNI Coordinates

x y z

Monolinguals (arithmetic > active control)
L middle frontal gyrus 9 -46 18 26
L inferior frontal gyrus 9 -38 14 26
L medial frontal gyrus 6 -6 12 50
L insula 13 -32 22 -2
L precentral gyrus 6 -42 4 32
L inferior parietal lobule 40 -46 -44 48
L supramarginal gyrus 40 -48 -38 40
L angular gyrus 39 -28 -54 40
R medial frontal gyrus 32 4 16 46
R insula 13 40 20 2
R cingulate gyrus 32 10 18 34
R precentral gyrus 44 48 20 0
R inferior parietal lobule 40 46 -40 48

Bilinguals (arithmetic > active control)
L middle frontal gyrus 6 -36 4 58
L inferior frontal gyrus 44 / 9 -48 12 16
L medial frontal gyrus 6 / 32 -8 8 56
L precentral gyrus 6 -46 2 38
L superior parietal lobule 7 -30 -58 52
L inferior parietal lobule 40 -48 -48 48
L angular gyrus 39 -26 -56 42
R medial frontal gyrus 6 8 18 42
R cingulate gyrus 32 12 20 38
R claustrum - 30 22 -2
R cerebellum - 32 -66 -28
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Whole-brain mixed factorial ANOVA

The mixed factorial ANOVA, using the contrast of arithmetic > fixation, revealed no main effect

of Language Experience, and no interactions between Language Experience and Operation, or 

Language Experience and Age Group, or all three factors.

Region of interest mixed factorial ANOVA

The ROI analysis, using the contrast of arithmetic > fixation, revealed no main effect of 

Language Experience, and no interactions between Language Experience and Operation, or 

Language Experience and Age Group, or all three factors.

Bayesian region of interest analyses

When examining the mean signal extracted from the 14 ROIs, all but four regions fell in the 

range of “substantial”, “strong”, “very strong”, or “decisive” evidence for the null hypothesis

(Wetzels et al., 2011), as indicated by BF01 values ranging from 4.3 to 487.8. Four values fell in 

the realm of merely “anecdotal” evidence for the null hypothesis: main effect of Language 

Experience in R IPS (BF01 = 1.3), R HC (BF01 = 2.3), and R SPL (BF01 = 2.7); and a Language 

Experience x Age Group interaction in R IPS (BF01 = 1.3). 

Results are displayed as a color table (Figure 3), where increasing intensity of blue 

denotes increasingly strong evidence for the null hypothesis, and increasing intensity of orange 

denotes increasingly strong evidence for the alternative hypothesis. There were no values in the 

orange range.
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Figure 3. Color table showing the Bayes factor (BF01) values for seven bilateral regions of 

interest. These include the hippocampi (HC), superior parietal lobules (SPL), intraparietal sulci 

(IPS), angular gyri (AG), supramarginal gyri (SMG), inferior frontal gyri (IFG), and middle 

frontal gyri (MFG). The color bar indicates the strength of the evidence for the null and 

alternative hypotheses. Values are reported for the main effect of Language Experience and for 

its interactions with Operation and Age Group, including the three-way interaction between all 

three factors. 

DISCUSSION

The purpose of this study was to investigate brain activity differences in English monolinguals 

compared to Spanish-English bilinguals during arithmetic. Prior studies have been unclear about 

whether bilinguals are included or excluded amongst their participants, and there has been no 

direct effort to investigate whether the neural bases of arithmetic in bilinguals are any different 

from those observed in monolinguals. We used fMRI to measure brain activation while 

participants performed single-digit addition and subtraction tasks, and we evaluated differences 

between monolinguals and bilinguals in the context of Operation (addition versus subtraction) 
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and Age Group (children versus adults). First, we examined within-group brain activity for the 

English monolinguals as well as the Spanish-English bilinguals, collapsing across operations and

age groups. Within-group maps revealed activation in bilateral frontal, insular, cingulate, 

parietal, and cerebellar regions, indicating that our math tasks reliably activated brain areas 

known to be associated with arithmetic (Arsalidou et al., 2018; Arsalidou & Taylor, 2011).

Next, we performed a mixed factorial ANOVA to investigate the main effect of 

Language Experience, as well as interactions of Language Experience with Operation and Age 

Group. This ANOVA was executed at the level of the whole brain and then again in 14 ROIs 

(seven homotopic regions in each hemisphere) previously shown to comprise the arithmetic 

network. Surprisingly, the results at the whole brain level and when repeated in the ROIs 

revealed no effect of bilingualism on the brain system for arithmetic, and no modulation of such 

an effect by operation or age group. To evaluate the strength of these null findings, we applied an

analyses of Bayes factors to the mean signal in these same ROIs and found evidence for the null 

hypothesis in all of these regions, with BF01 values falling above 1. There are several reasons that

could explain this lack of differences, each of which will be considered in turn as we discuss how

these findings deviated from our predictions. 

Potential beneficial cognitive effect of bilingualism and its effect on arithmetic

The main motivation for expecting differences between monolinguals and bilinguals when it 

comes to activation subserving arithmetic was the evidence that experience with managing two 

languages may enhance executive function (Adesope et al., 2010; Bialystok et al., 2009, 2012; 

Grundy & Timmer, 2017; Hilchey & Klein, 2011; Kroll & Bialystok, 2013; Valian, 2015), which
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in turn may enhance arithmetic abilities (Daubert & Ramani, 2019; Hartanto et al., 2018). The 

evidence for a bilingual advantage in executive function is controversial. The findings of 

behavioral studies have been mixed, which has been attributed to variability in the tasks used to 

tap executive function and in the age groups tested (Kroll & Bialystok, 2013), as well as to 

methodological factors such as failure to control for important confounding variables (de Bruin, 

Bak, & Della Sala, 2015), the use of small sample sizes (Paap, 2019), or even publication bias

(de Bruin, Treccani, et al., 2015). Brain imaging studies have focused on the overlap between the

regions that underlie executive function and language switching (Green & Abutalebi, 2013). 

They have also investigated, and in some cases found, that bilinguals engage executive control 

regions to a greater degree than monolinguals during the same types of tasks on which they have 

shown a behavioral advantage (Costa & Sebastián-Gallés, 2014; Grundy et al., 2017; Pliatsikas 

& Luk, 2016). Ultimately, our goal was not to test the larger theory of the bilingual advantage, 

but to inquire whether it, or any other factor, may result in differences in how the bilingual brain 

processes arithmetic, as this would warrant careful interpretation of prior studies that did not 

attempt to control for such effects. The possibility that the bilingual experience conveys an 

advantage would be one reason to expect such differences. Since we did not find differences, 

further discussion on the more general controversy of the bilingual experience is warranted.

Some have argued (Antón et al., 2019; Dick et al., 2019; Duñabeitia et al., 2014; 

Gathercole et al., 2014; Lehtonen et al., 2018; Nichols et al., 2020; Paap, 2019; Paap et al., 2015,

2016, 2017, 2014; von Bastian et al., 2015) that it may be the case that differences in executive 

function between bilinguals and monolinguals do not exist in any meaningful way. Others have 

argued that they exist in ways that are nuanced. For example, Kroll and Bialystok (2013; see also
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Luk & Bialystok, 2013) point out that staunch consideration of bilingualism as a categorical 

variable could obscure effects that vary with particular facets of the bilingual experience. It has 

also been noted that bilingual advantages in executive function may only be evidenced in 

situations where the demand for cognitive control is high (Costa, Hernández, Costa-Faidella, & 

Sebastián-Gallés, 2009), under certain conditions of extensive experience with managing both 

languages as in simultaneous interpretation (B. N. Macnamara & Conway, 2014), or when 

participants are not at their cognitive peak, as may be the case for young children or older adults

(Bialystok et al., 2005).

Alternatively, it has been proposed that that there is an effect, but that its mechanisms and

time course are different from those described above. Specifically, according to the controlled-

dose hypothesis (Paap, 2018), bilinguals need only recruit domain-general executive function as 

they are developing proficiency in their two languages; they then progress from this state of 

controlled processing to one of automatic processing. The hypothesis has its foundations in a 

neurocognitive model of learning put forward by Chein and Schneider (2012), which outlines 

three phases of skill learning, from the initial formation of an ability to its controlled execution 

and finally its automatic execution. It is during the controlled execution stage that the brain’s 

cognitive control systems are most engaged; following this, the learner reaches the automatic 

processing stage, when cognitive control resources are no longer needed to carry out a task. 

Having acquired both languages early in life, it is possible that the bilinguals in our study have 

reached the stage of automatic processing for arithmetic (such as navigating the presence of two 

language representations of a problem that are available for retrieval), and/or for the underlying 

executive function that would impact arithmetic. The absence of an interaction between 
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Language Experience and Age Group is consistent with this. It is also noteworthy that our 

bilingual children have been using both languages at school and at home for most of their lives, 

making it more likely that they (as opposed to second language learners) would have advanced to

an automatic processing stage. A comparison group of younger children or participants just 

acquiring a second language would be needed in order to fully explore this idea. Interestingly, 

the studies that show a bilingual advantage in numerical skills are based on children that are 

younger (ages 4-7) than those studied here (Daubert & Ramani, 2019; Hartanto et al., 2018), 

though other studies show young bilinguals to already be equivalent to monolinguals (Bialystok 

& Codd, 1997; Sarnecka et al., 2017). Again, it is also possible that our study is merely further 

evidence for a lack of differences between monolinguals and bilinguals on the basis of executive 

function, evidenced in the domain of arithmetic processing.

Given the specific relationships between working memory, bilingualism, and math skills

(Adesope et al., 2010; Bull & Lee, 2014; Cragg & Gilmore, 2014; Daubert & Ramani, 2019; 

DeStefano & LeFevre, 2004; Grundy & Timmer, 2017; Hartanto et al., 2018), we conducted a 

post hoc test for differences between our monolinguals and bilinguals on working memory. 

Using Digit Span (WAIS-III for adults, WISC-III for children; Wechsler, 1991, 1997), a 

standardized test that gauges a person’s ability to repeat a recently heard string of numbers, both 

forwards and backwards, we found no difference between our language groups (padults = 0.29; 

pchildren = 0.09; data from 3 participants were missing). This is in line with a recent meta-analysis

(Nichols et al., 2020) which evaluated the Bayes factor for a monolingual versus bilingual 

comparison on this measure and found strong evidence in favor of the null hypothesis. Even if 
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working memory plays a role in arithmetic and bears a relationship to brain function, when 

assessed via the Digit Span test, it does not differ between our monolingual and bilingual groups.

It is surprising that our reaction time measures inside the scanner (though not our 

accuracy measures) revealed performance differences between the monolingual and bilingual 

groups on the arithmetic task. The presence of a main effect of Language Experience on reaction 

time on the math tasks (and, as discovered by further testing, also on the active control task 

involving pseudofont character matching) suggests that our bilinguals are globally slower 

compared to our monolinguals (i.e., not specifically slower during arithmetic problems). Some 

studies comparing bilinguals and monolinguals on executive function tasks have found an overall

speed of processing advantage for bilinguals (Bialystok & DePape, 2009; Costa, Hernández, & 

Sebastián-Gallés, 2008; Hernández, Martin, Barceló, & Costa, 2013; Hilchey & Klein, 2011), 

including in the context of aging (Bialystok, Klein, Craik, & Viswanathan, 2004). Meanwhile, 

other studies investigating skills such as picture naming (e.g., Gollan, Montoya, Fennema-

Notestine, & Morris, 2005) and verbal fluency (e.g., Portocarrero, Burright, & Donovick, 2007) 

have shown a disadvantage in overall processing speed for bilinguals. 

The literature on differences in arithmetic processing speed between monolinguals and 

bilinguals is mixed. A prior study comparing Spanish-English bilinguals to English monolinguals

did not find reaction time differences during a simple addition verification task (Geary et al., 

1993), nor did a study comparing German-Swedish bilinguals to German monolinguals on a 

written production task of simple arithmetic (Mägiste, 1980). Meanwhile, Marsh and Maki 

(1976) found faster reaction time in English monolinguals compared to English-Spanish 

bilinguals, as did McClain and Huang (1982). However, McClain and Huang (1982) also found 
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that this difference disappeared when bilinguals completed their English and Spanish 

experimental sessions on different days. Thus, it is possible that completing the task in both 

languages within a visit (though not within the same fMRI run) in our study accounts for 

differences in reaction time between monolinguals and bilinguals for the arithmetic task and the 

pseudofont character matching control task. The faster monolingual reaction time on the tasks 

may be attributable to the additional cognitive demands placed on the bilinguals during the 

English scan session (i.e., to think specifically in English when they had another language 

available for use; a requirement which could not have been imposed on the monolinguals). 

Ultimately however, the global differences in reaction time are not likely to have influenced our 

brain imaging results. Since accuracy on the task was equal between the two groups and there 

were no differences between monolinguals and bilinguals in brain activity underlying arithmetic,

it is unlikely that having had equal reaction time for the two groups would have affected the 

brain activity results.

No effect of Language Experience on the brain bases of arithmetic

Given that our brain activation results show no effect of bilingualism, it is worth considering 

other aspects of our study. Our bilinguals are also bicultural, having learned Spanish and English

as part of their upbringing. This is important because it means that they acquired two languages 

as a result of their life circumstances, as opposed to children who excelled at second language 

learning as a result of already having strong executive function skills (Bialystok et al., 2012; 

MacNab, 1979; Valian, 2015). Furthermore, bicultural individuals experience yet another 

dimension on which they must switch between (cultural) representations (Grosjean, 2010), 
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potentially further enhancing their executive function abilities and corresponding brain areas. If 

bilingualism yields effects on the brain system for math, potentially as a consequence of its 

effects on the related system for executive function, our population was an optimal one to test 

this. Here it is important to also highlight that our participant groups had similar socioeconomic 

status, which has been criticized as a confounding factor in comparisons of monolinguals and 

bilinguals (de Bruin, Bak, et al., 2015; MacNab, 1979; Swain & Cummins, 1979).

Our tasks clearly induce activation during arithmetic processing, as illustrated by our 

group maps for monolinguals as well as bilinguals (Figure 2) and consistent with our prior 

studies (Evans et al., 2016). However, it may be the case that these tasks are not sufficiently 

taxing to elicit a difference between monolinguals and bilinguals; indeed, they were deliberately 

designed to be simple enough to be performed by both adults and children at greater than chance 

levels. As mentioned above, it has been suggested that the bilingual advantage may only emerge 

in situations that place high demands on executive function. In an example of such a study, Costa

et al. (2009) compared monolingual and bilingual performance on a flanker task. In low 

monitoring conditions (when most of the stimuli were either congruent or most were 

incongruent), they observed no differences between the groups. Instead, differences only 

emerged in a high monitoring condition (with more even distributions of congruent and 

incongruent stimuli). Therefore, it is possible that our task simply did not tap arithmetic 

processing to the extent that it revealed neural differences between our monolinguals and 

bilinguals. To that end, future research needs to compare monolinguals and bilinguals on more 

complicated tasks, such as multi-digit arithmetic or algebra.
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Future studies could also consider both age and language background as continuous 

variables, in line with prior caution that researchers should not consider bilingualism as merely a 

categorical variable (Luk & Bialystok, 2013). It could be the case that particular aspects of the 

spectrum of bilingual experience modulate the brain systems for arithmetic processing, while 

others do not. Indeed, our participants were not entirely homogenous in that regard; while all 

bilinguals reported being able to do arithmetic in both languages, the children primarily attended 

dual language schools whereas the bilingual adults had more varied educational experiences, and

at the time of testing most were enrolled in higher education classes conducted entirely in 

English. Furthermore, while this study focused on the most common language combination in 

the United States (Spanish-English), the study of a broader range of language pairings could 

prove fruitful in establishing further evidence for the role of language experience in shaping the 

brain networks for arithmetic.

No modulatory role of Operation or Age Group on Language Experience

Our findings regarding the modulatory roles of operation and age group are additionally 

surprising. While our behavioral results did show the expected findings of better performance for

addition compared to subtraction, and for adults compared to children, neither of these factors 

modulated brain activity differences between monolinguals and bilinguals, as we had 

hypothesized that they would. We predicted that operation would modulate the effect of 

language experience due to the differential reliance of addition and subtraction on verbal versus 

procedural strategies, respectively (Campbell & Xue, 2001). On the basis of both differential use 

of verbal versus procedural strategies (Geary et al., 1991; Imbo & Vandierendonck, 2008; 
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Siegler, 1998) and on the differential role of executive function between bilingual adults and 

children (Bialystok et al., 2005), we further predicted that age group would modulate differences 

between monolinguals and bilinguals. That neither of these factors modulated between-group 

differences on the basis of language as expected could again be due to the ease of the task. 

Despite observed behavioral differences, it could be that our participants were not performing 

addition and subtraction problems differently enough across the board to elicit brain activity 

differences on the basis of operation (i.e., most solutions were retrieved from memory) in ways 

that would affect monolinguals and bilinguals differently. It may also be that our children, who 

spanned a range from first to sixth grades, did not show systematic differences in brain activity 

from adults in ways that interacted with their bilingual experience. Indeed, studies have shown 

that even a single additional year of schooling has an impact on brain activity during arithmetic

(Rosenberg-Lee, Barth, et al., 2011) and that children undergo developmental changes in the 

brain bases of arithmetic during the period spanning the scholastic range of the children we 

studied (Prado et al., 2014). It could also be the case that brain activity between the monolinguals

and bilinguals was too similar across the groups to be modulated by any factor.

Implications for education

Early comparisons of monolinguals and bilinguals in the domain of arithmetic arose out of 

concern that experience with two languages would be detrimental to leaners (e.g., J. Macnamara,

1966), though subsequent research largely suggested that this was not the case for simple 

arithmetic or for bilinguals with strong proficiency in both of their languages (Geary et al., 1993;

Mägiste, 1980; McClain & Huang, 1982), and in some cases there was even evidence of an 
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advantage for bilinguals (Daubert & Ramani, 2019; Hartanto et al., 2018). As researchers have 

long cautioned, the goal of comparing monolinguals and bilinguals should not necessarily be to 

determine whether the performance of bilinguals approximates that of monolinguals (Grosjean, 

1989). Our findings inform the existing literature by suggesting that early exposure to two 

languages leading to mastery of these languages does not affect the neural bases underlying the 

language-related and academically important cognitive skill of arithmetic. In the face of concerns

that students may suffer in this domain based on their bilingualism, our null result offers 

evidence to the contrary. Our results also provide a foundation by which to study children and 

adults with math disability (MD, also termed dyscalculia). Knowing that monolingual and 

bilingual groups do not differ in terms of brain activation for simple arithmetic, it raises the 

possibility that bilinguals with MD are similar to monolinguals with MD, and therefore have the 

same functional anomalies relative to controls.

Conclusion

Early bilinguals can solve arithmetic problems in their two languages, raising the possibility that 

this or any other experience associated with being bilingual affects the brain bases of arithmetic. 

Prior imaging studies of arithmetic have not addressed the potential concern that bilinguals may 

differ in this regard from monolinguals; most studies do not even characterize their participants’ 

language experience. Here we addressed this question and found no difference in brain activity 

underlying arithmetic (addition and subtraction) when comparing Spanish-English bilingual 

children and adults with English monolingual children and adults. While this finding may seem 

surprising in light of studies showing that bilingual children outperform monolinguals in 
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arithmetic, it suggests that the functional neuroanatomy of simple arithmetic is not altered by 

early bilingual experience. This means that the inclusion of bilingual participants in studies of 

arithmetic should not alter results, and that results from studies of monolinguals or bilinguals can

likely be generalized to the other group.
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CHAPTER 3

DOES BRAIN ACTIVATION DURING ARITHMETIC DIFFER BETWEEN ENGLISH
AND SPANISH?

INTRODUCTION

Arithmetic relies on a distributed set of brain regions that contribute in unique yet coordinated 

ways to the task of determining the sum or difference of two numbers (Arsalidou & Taylor, 

2011; Dehaene, 2011; Menon, 2014; Yeo et al., 2017). Central to the representation of numerical

magnitude in the human brain is the intraparietal sulcus. Supplementing this core area are others 

such as the prefrontal cortex, engaged when tasks place demands on working memory, such as 

when intermediate sums must be kept in mind during the solving of a two-digit addition problem.

The ventral temporo-occipital cortex plays a key role as well, hosting an area specialized for the 

recognition of Arabic digits. Not to be forgotten are subcortical regions such as the basal ganglia 

and thalamus, and the cerebellum, which also play roles in complex calculation by supporting the

sequencing and implementation of different calculation steps, for example. Most importantly for 

the present topic, we know that the brain’s arithmetic system is also equipped to handle the 

storage of arithmetic facts in long-term memory, a task which is classically assigned to the left 

angular gyrus. Thus, a question begins to arise: what happens in the event that the brain is tasked 

with storing two sets of arithmetic facts, as in the case of a bilingual? How is arithmetic neurally 

represented when two languages are at play?

Indeed, while much of the world’s population is bilingual (Crystal, 2012; Grosjean, 2010;

Tucker, 1998), investigations into the brain bases of arithmetic in individuals with two languages
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available for calculation is sparse. Specifically, little is known about whether bilinguals use the 

same or different brain regions when they perform arithmetic operations in one versus the other 

of their two languages. There are a number of reasons to expect such differences, many of which 

have to do with the heterogeneity of the populations who are described under the umbrella term 

of “bilingual.” For example, an important aspect when considering a bilingual’s knowledge of 

two languages is whether there are differences in proficiency of the languages (based on age of 

acquisition or experience) that in turn affect the way in which arithmetic in each of those two 

languages is processed (e.g., Wang, Lin, Kuhl, & Hirsch, 2007). Beyond questions of the age of 

acquisition or experience with the languages themselves, bilinguals may differ in their familiarity

with performing arithmetic in one language versus the other depending on their educational 

experience (e.g., Mondt et al., 2011). Finally, there are other aspects of theoretical interest that 

are independent of experience and proficiency, such as between-language differences in how 

numbers are represented (e.g., Salillas & Carreiras, 2014), with some languages using different 

number word constructions (for example, referring to the quantity 21 as “twenty one” versus 

“one and twenty”), which could affect arithmetic computations. Even beyond these modulating 

factors within the realm of varying bilingual language experiences, there is the question of 

whether in situations where bilinguals are highly proficient and have received mathematical 

instruction in both languages, the neural bases for arithmetic processes are the same for each of 

the two languages. 

This question was addressed in a functional neuroimaging study of arithmetic in adult 

balanced bilinguals by Van Rinsveld, Dricot, Guillaume, Rossion, and Schiltz (2017). The study 

focused on German-French bilingual adults raised in Luxembourg, who had Luxemburgish (the 
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official language of Luxembourg, which is related to German) as their native language, but then 

received primary school instruction in German, and also began a transition to a French language 

educational environment in second grade (at an average age of 7.5 years). Thus, by adulthood the

participants were skilled at using both languages and had received mathematics education in 

both. These bilingual participants completed simple (one-digit) and complex (two-digit) 

arithmetic verification tasks, in which stimuli were presented auditorily in either German or 

French. The authors found greater activation, measured with fMRI, in left superior temporal 

areas during single-digit addition in German compared to French, which they attributed to 

stronger semantic mapping between problems and their solutions in the bilinguals’ earlier 

learned language (German). During complex addition, the authors found more widespread 

activation in French compared to German. This recruitment of additional brain regions was 

interpreted to reflect the response to increased procedural demands such as using visuospatial 

strategies to solve problems, rather than translation from one language to the other (as prior 

research in late bilinguals reported).

Importantly, this study aimed to understand the functional anatomy of early, balanced 

bilinguals, since prior work had focused on unbalanced bilinguals who had learned their second 

language later in life. These studies had focused largely on the role of how a first language is 

used to support arithmetic for the second, less developed language. In these unbalanced 

bilinguals, translation from the less familiar to the more familiar language is a likely strategy for 

arithmetic processing. By contrast, Van Rinsveld et al. (2017) deliberately focused on balanced 

adult bilinguals as a way to understand how bilinguals solve arithmetic problems in each of their 

languages, given that educational exposure to both languages occurred at about the same time, 
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they had learned math in both, and were highly proficient in both languages. The investigators 

focused on the importance of language in arithmetic processing, and chose to interrogate this in a

nuanced way by studying the operation of addition, which draws both on language-dependent 

retrieval and also on language-independent processing. This study design enabled the researchers

to use this single operation to explore the consequences of bilingualism for different facets of 

arithmetic processing, which they investigated using auditorily-presented simple versus complex 

addition problems, respectively. Simple problems (e.g., 4 + 5 = 9) would be expected to involve 

retrieval of arithmetic facts from verbal memory, whereas complex problems (e.g., 23 + 45 = 68)

would be expected to involve computational processes that could, relevantly, draw upon verbal 

working memory resources. Betraying some neural differences between languages even in these 

relatively balanced bilinguals, analyses revealed that simple arithmetic in German compared to 

French preferentially activated the left superior temporal gyrus, whereas complex addition in 

French compared to German activated a broad network of regions spanning the frontal, 

cingulate, and temporo-occipital cortices. In general terms, these differences provide evidence 

that simple addition is more closely tied to language (for example, the superior temporal 

activation extended to the classical Wernicke’s area and was interpreted to reflect semantic 

associations between arithmetic problems and their solutions), whereas complex addition is less 

so (i.e., the areas more strongly activated during French are more reflective of cognitive and 

visuospatial processing). In subsequent brain-behavior analyses of individual differences in task 

performance, it was shown that for both simple and complex addition, between-language 

differences in brain activation were strongest in participants with the largest disparities in 

performance between German and French. Therefore, the observed differences between brain 
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activation during arithmetic in German and French likely arose because the participants were not 

as balanced in arithmetic as was expected given their backgrounds.

Given the focus on uncovering the effects of having multiple languages available for 

arithmetic, it is natural that addition and multiplication, the two operations most likely to rely on 

verbal representations (Dehaene et al., 2003; Imbo & Vandierendonck, 2008), have received the 

most focus in existing studies. As a result, very little is known about subtraction in bilinguals—

the only study testing this combined brain activity during addition and subtraction without 

comparing between these operations (Mondt et al., 2011). In contrast to simple addition 

problems, adults tend to solve subtraction problems with procedural strategies like counting or 

transformation (Barrouillet et al., 2008; Campbell & Xue, 2001; Siegler, 1998). Various studies 

of healthy adults and children have indicated that the brain bases of addition and subtraction 

differ (Arsalidou & Taylor, 2011; De Smedt et al., 2011; Prado et al., 2011; Rosenberg-Lee, 

Chang, et al., 2011; Yang et al., 2017). It is due to these differences in strategy use that the brain 

bases of different operations are hypothesized to differ, and fMRI studies have provided direct 

support for this by contrasting brain activity during the deployment of different strategies as self-

reported by participants (Grabner et al., 2009; Polspoel et al., 2017; Tschentscher & Hauk, 

2014). From the experimental findings of Van Rinsveld et al. (2017), it stands to reason that we 

might expect differences between languages during addition in areas reflecting language 

processing, whereas for subtraction (conceptualized similarly to Van Rinsveld and colleagues’ 

complex addition task) these differences could be more widespread, reflecting other types of 

non-linguistic processing demands. Because of these potential differences in language-dependent

versus language-independent strategy use between operations, we sought to investigate whether 
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operation (addition versus subtraction) played a modulatory role in any differences between 

English and Spanish processing in a group of early Spanish-English bilinguals.

While most studies on the brain bases of arithmetic have been conducted in adults, there 

is evidence from both behavior and the brain for differences between adults and children when it 

comes to arithmetic. Behavioral studies have demonstrated that adults are more likely to use 

direct retrieval of arithmetic facts from memory, whereas children employ a wider variety of 

strategies (Geary et al., 1991; Imbo & Vandierendonck, 2008; Siegler, 1998). Correspondingly, 

functional neuroimaging studies have found differences in brain activity that reflect this shift in 

strategies (Chang, Metcalfe, Padmanabhan, Chen, & Menon, 2016; Davis et al., 2009; Evans, 

Flowers, Luetje, Napoliello, & Eden, 2016; Kawashima et al., 2004; Kucian, Von Aster, 

Loenneker, Dietrich, & Martin, 2008; Rivera, Reiss, Eckert, & Menon, 2005; for reviews of the 

brain bases of arithmetic over development, see Peters & De Smedt, 2018; Zamarian, Ischebeck, 

& Delazer, 2009). Relatedly, most of the research on the neural bases of bilingual arithmetic has 

been conducted in adults. Of interest, there is one study indicating that bilingual children access 

arithmetic facts differently from adults. Cerda, Grenier, and Wicha (2019) used 

electroencephalography (EEG) to measure brain electrical activity while children verified 

multiplication problems presented in either English or Spanish. Critically, they found no 

quantitative or qualitative differences between the languages in the observed event-related 

potential (ERP) waveforms, unlike the group’s findings in adults (Salillas & Wicha, 2012). 

Given the evidence from both the general literature and from ERP studies of arithmetic in 

bilingual children compared to bilingual adults, in the present study we investigated whether age 

group (adults versus children) modulated any differences between languages. 
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From the literature reviewed here, it is clear that the field of the neuroscience of bilingual

arithmetic is only in a fledgling state compared to the larger fields of the brain bases of 

mathematical cognition or of bilingual differences in cognition in general. One study paved the 

way for neuroimaging investigations of between-language differences by reporting differences 

between German and French processing during simple and complex addition (Van Rinsveld et 

al., 2017). To add to this emerging picture, we present a study of simple addition and subtraction 

processing in the English and Spanish languages in early Spanish-English bilingual adults and 

children. We compared brain activity during English and Spanish arithmetic processing in 

bilingual participants using an analysis of variance (ANOVA) to assess the main effect of 

Language, and any modulatory roles of Operation (addition versus subtraction) and Age Group 

(adults versus children) by testing for interactions between these factors and Language. Based on

prior research on the brain bases of arithmetic in bilinguals, we hypothesized that brain activity 

between English and Spanish would differ, potentially in fronto-parietal brain regions reflecting 

working memory or increased numerical processing (main effect of Language). We also 

expected that differences in activity between languages would play out more so for addition 

(relative to subtraction) in left hemisphere temporal and frontal brain areas, as that operation is 

more likely to be carried out by drawing upon language-based representations of arithmetic facts 

which could differ between English and Spanish; differences between languages would not be as 

likely for subtraction, which is less reliant upon language (interaction between Language and 

Operation). We further expected that differences between the languages may differ between 

adults and children, due to differences in the strategies employed by each of these groups 

(interaction between Language and Age Group). 
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To address these questions, we examined brain activity during arithmetic processing in 

26 adults and 18 children who were early Spanish-English bilinguals. We first conducted whole-

brain one-sample t-tests for English and Spanish arithmetic separately, averaging activation over 

both operations and both age groups (addition and subtraction in English in adults and children; 

addition and subtraction in Spanish in adults and children). To test our previously described 

hypotheses, we used a mixed factorial ANOVA and tested for a main effect of Language, and 

interactions of Language with Operation or Age Group. Because our predictions were not 

confirmed and we found no differences between the two languages, we additionally conducted a 

post hoc voxel-wise region of interest (ROI) analysis in seven ROIs associated with arithmetic 

and located homotopically in each hemisphere (total of 14); and, adding to these frequentist 

statistics, a post hoc Bayesian analysis in order to assess the strength of evidence for the null 

versus alternative hypotheses in each of these ROIs.

METHODS

Participants

Twenty-six Spanish-English bilingual adults (aged 18-28 years) and 18 Spanish-English 

bilingual children (aged 7-12 years) participated in this study. Participants were recruited from 

the greater Washington, D.C. Metropolitan Area, and their characteristics are described in Table 

4. All of the adults were right-handed, and three of the children were left-handed, as measured by

the Edinburgh Handedness Test (Oldfield, 1971). All of the adults had obtained or were in the 

process of obtaining a bachelor’s degree or higher. For the children, education was gauged 

amongst their parents: all but one had completed at least a high school education, and the vast 
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majority had a college degree. Participants reported that they learned both Spanish and English 

prior to the age of six, used both daily, and were capable of performing simple arithmetic in both.

Participants generally reported minimal exposure to third or additional languages, with the 

exception being one bilingual child who had a parent who spoke Portuguese at home. Adult 

participants rated their abilities in each language in the domains of listening comprehension and 

speaking; for the bilingual children, a parent rated these abilities their child. The assessment 

ranged from 1 (low competence) to 7 (native-like competence). Results of the language 

assessment for each language are reported in Table 4. Importantly, average ratings on both 

measures in both languages were high (i.e., above a 6) for adults and for children.

The described experimental procedures were approved by Georgetown University’s 

Institutional Review Board. Written informed consent was obtained from all adult participants 

age > 18 years), and written consent was obtained from the parents of child participants in 

addition to verbal and written assent from the child. 

Table 4. Participant characteristics.

Adults Children
English Spanish English Spanish

N
Sex (F / M)

26
(18F / 8M)

18
(11F / 7M)

Average Age (years)
Age Range (years)

22.1
(18.4 – 28.6)

9.9
(7.7 – 12.6)

Age of Acquisition 
(years)

1.0 0.1 3.4 0.0

Daily Use (percentage) 73% 27% 63% 37%

Language Assessment
Listening
Speaking

6.7
6.5

6.7
6.4

6.7
6.9

6.3
6.1
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Characterization of mathematical abilities

We used the Woodcock Johnson III Tests of Achievement Calculation subtest (Woodcock, 

McGrew, & Mather, 2001) in order to evaluate participants’ mathematical abilities. This test is 

administered and normed in the English language and gauges untimed performance on problems 

of increasing difficulty, from simple arithmetic to algebra to calculus. All participants had 

standard scores of greater than 85 on this measure, indicating that their math abilities fell within 

or above the normal range. 

In-scanner arithmetic task

In the MRI scanner, participants completed four runs (two in each language) of a single-digit 

arithmetic verification task. In this task, participants solved visually presented addition or 

subtraction problems written in Arabic digits (e.g., 4 + 5 = 9) and responded with a left/right 

hand button press to indicate whether the provided solution was correct or incorrect. Incorrect 

solutions had a small split, deviating from the correct answer by a value of 1 in all cases. The 

entire problem, including its solution, appeared on the screen simultaneously and was present for

3000 ms, with a 1200 ms interstimulus interval during which a fixation cross was presented. 

Each of the tasks (addition and subtraction) had a corresponding active control task in which two

of the digits in each equation were replaced with pseudofont characters; this time participants 

indicated whether these were the same or different characters. In all conditions, half of the 

stimuli were correct. Prior to the actual MRI scan, participants received training on the task with 

stimuli presented on paper, then on a computer screen, and finally in a mock scanning 

environment. Training performance was observed by an experimenter and was reinforced until 
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participants were comfortable with the task and able to perform it successfully. During training, 

participants were given the opportunity to practice the task by thinking in their heads in both 

English and Spanish, as would be required of them in the true scanning environment. During the 

actual scan, participants were asked to think in their heads in English or Spanish during the 

completion of each given task run, and received frequent reminders of the target language (all 

delivered in English) before each run. The task runs in a given language were always conducted 

back-to-back and were embedded in a block with another task (single-word processing) 

conducted in the same language. The order of languages was counterbalanced across participants

and randomized at the outset of the study.

Each of the two runs consisted of unique arithmetic problems such that no problems 

repeated between runs in a given language. The arithmetic problems presented in the English and

Spanish runs were the same, meaning that each participant saw the same problems in both 

English and Spanish. The order of the two runs for each language was counterbalanced across 

participants and randomized at the outset of the study. A run consisted of four blocks, each of 

which contained 10 problems. These blocks were as follows and were always presented in the 

same order in each run: addition task, addition active control task, subtraction task, and 

subtraction active control task. A period of passive fixation lasting 18 seconds occurred between 

each of these blocks. The entire run lasted 4 minutes and 27 seconds. Each task run began and 

ended with a period of passive fixation. The task was administered using Presentation software.

Accuracy and reaction time data were recorded as participants completed the task inside 

the scanner; these data were missing for one bilingual adult. Individual task runs from any 

participant who obtained an accuracy score of less than 50% (representing chance levels in this 
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two-alternative task) on addition and subtraction trials combined were excluded from analyses. 

Four runs from children were excluded for this reason. All participants scored at or above chance

on the pseudofont active control task.

In order to assess behavioral performance on the in-scanner arithmetic tasks, we used 2x4

mixed factorial ANOVA analyses (following the approach of the fMRI data analyses) with 

accuracy and reaction time as dependent variables. These ANOVAs had two within-participants 

factors (Language: English versus Spanish; Operation: addition versus subtraction) and one 

between-participants factor (Age Group: adults versus children). Analyses were conducted using 

the open statistical software program jamovi, version 1.1.9.0 (the jamovi project, 2020).

fMRI acquisition

Whole head echo-planar images were collected on a 3.0-Telsa Siemens Magnetom Tim Trio 

scanner at the Center for Functional and Molecular Imaging at Georgetown University Medical 

Center with the following parameters: TR of 3000 ms, TE of 30 ms, 64 x 64 matrix, 192 mm 

FOV, flip angle = 90o, 50 axial slices collected in a descending sequence, 3.0 x 3.0 x 2.8 mm 

voxels with a 0.2 mm gap. High-resolution T1-weighted structural brain images were also 

collected, for the purpose of coregistering the functional images. During the 4 minute and 27 

second duration of each functional run, 89 full 3D brain volumes were collected.

fMRI preprocessing and first level contrasts

Analyses were conducted using SPM12 (Statistical Parametric Mapping, 2020). For 

preprocessing we removed the first five volumes of each run to account for T1 saturation effects.
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The remaining volumes underwent slice timing correction, followed by motion correction within 

each run. Runs in which a participant’s motion deviated more than 1.5 mm in more than 10% of 

the volumes (measured from one volume to the next) were removed from further analyses. Three

runs from adults and two from children were excluded for this reason, and in all cases the 

remaining good run was then submitted to analyses. In included runs, each individual volume 

exceeding the 1.5 mm threshold was censored and 6 motion parameters representing movement 

in the roll, pitch, yaw, x, y, and z directions were entered into the first level general linear model 

in functional analyses for each individual participant. A further threshold of more than a 5% 

deviation in global signal on a given run was also used as an exclusion criterion. Motion-

corrected (realigned) images were then coregistered to each participant’s anatomical image. 

Finally, images were normalized to the standard Montreal Neurological Institute EPI template 

and smoothed using an 8 mm3 full width half maximum Gaussian kernel. Functional images 

from all participants were normalized to the adult template, similarly to a prior study in our lab 

that compared the functional neuroanatomy of arithmetic in adults and children (Evans et al., 

2016). Images were visually inspected to ensure that each preprocessing step was successfully 

executed and that there were no obvious anomalies or artifacts.

The data were first analyzed using a general linear model to reveal activation underlying 

arithmetic (addition and subtraction combined) separately for English and Spanish. Contrast 

maps were therefore generated for each subject using the comparisons English Addition > 

English Addition Active Control, English Subtraction > English Subtraction Active Control, 

Spanish Addition > Spanish Addition Active Control, and Spanish Subtraction > Spanish 

Subtraction Active Control. For the remainder of the analyses, to mitigate any potential concerns 
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that the active control task is processed differently by children and adults (Church et al., 2010), 

both tasks in each language (addition and subtraction in English and Spanish) were contrasted 

with fixation, rather than the active control tasks (as indicated below). 

Whole-brain within-language maps for arithmetic in English and Spanish (age groups and 

operations combined)

Contrast maps comparing brain activity during the arithmetic task conditions compared to their 

active control tasks were generated using a height threshold of p < 0.005 and a FDR cluster-level

extent threshold of p < 0.05. In this initial analysis, one-sample t-tests were used to separately 

examine brain activity during arithmetic conducted in English and then in Spanish, collapsing 

across the two operations and the two age groups. Data were visualized using MRIcroGL

(Rorden, 2019).

Whole-brain mixed factorial ANOVA

This analysis utilizes a 2x4 mixed factorial ANOVA with Language (English versus Spanish) 

and Operation (addition versus subtraction) as within-subjects factors and Age Group (adults 

versus children) as a between-subjects factor. First, we examined a main effect of Language. 

Next, we tested the two-way interactions of Language x Operation and Language x Age Group. 

Finally, we tested the three-way interaction of Language x Operation x Age Group. For all 

analyses of this type, the task condition was compared to fixation. A height threshold of p < 

0.005 and a FDR cluster-level extent threshold of p < 0.05 were used.
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Region of interest mixed factorial ANOVA

In addition to the whole-brain analyses described above, the 2x4 mixed factorial ANOVA 

analysis of the task versus fixation contrast was conducted post hoc within 14 homotopic ROIs 

(7 in each hemisphere), analyzed in concert as a single mask. These regions included the 

hippocampi (HC), superior parietal lobules (SPL), intraparietal sulci (IPS), angular gyri (AG), 

supramarginal gyri (SMG), inferior frontal gyri (IFG), and middle frontal gyri (MFG); and were 

derived from Peters and De Smedt (2018)’s review of the brain bases of arithmetic. A height 

threshold of p < 0.005 was used, and small volume correction (Worsley et al., 1996) was 

performed within the ROI mask.

Bayesian region of interest analyses

To establish evidence for the null versus the alternative hypothesis in a more nuanced way than 

can be provided by frequentist statistics, we conducted a post hoc Bayesian repeated measures 

ANOVA (Rouder et al., 2012). The mean signal was extracted separately from each of the 14 

ROIs detailed in the previous section, using the beta values of the general linear model for each 

task versus fixation contrast, averaged across the time series of both runs of a task (where 

applicable). The regions of interest analyses were conducted using the “jsq” module in the open 

statistical software program jamovi, version 1.1.9.0 (the jamovi project, 2020)
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RESULTS

In-scanner task performance

Across all conditions (addition, subtraction, and their respective active control tasks), totaling 40 

trials per run, all participants achieved an accuracy sore of at least a 50% in each run. All 

analyzed runs met a further accuracy criterion of 50% or greater when averaging across the 

addition and subtraction conditions. Raw accuracy and reaction time scores for each task 

condition are reported in Table 5. Scores were coded to allow for up to one instance of self-

correction (that is, a scenario in which a participant realized their error and rapidly pressed the 

correct button) per trial.

Accuracy

As revealed by the mixed factorial ANOVA, during the performance of the arithmetic tasks there

were significant main effects of Language (F(1, 41) = 4.88, p = 0.033, partial η2 = 0.11), 

Operation (F(1, 41 = 27.47, p < 0.001, partial η2 = 0.40), and Age Group (F(1, 41) = 23.60, p < 

0.001, partial η2 = 0.37). Post hoc t-tests revealed that Spanish problems were solved more 

accurately than English problems (p = 0.033), addition was solved more accurately than 

subtraction (p < 0.001), and adults were more accurate than children (p < 0.001). There were also

significant interactions between Language x Operation (F(1,41) = 5.90, p = 0.02, partial η2 = 

0.13) and Operation x Age Group (F(1, 41) = 10.01, p = 0.003, partial η2 = 0.20), with the 

relatively greater accuracy in Spanish over English being more pronounced for subtraction than 

for addition. The relatively greater accuracy of addition over subtraction was more pronounced 

for children than for adults.
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Reaction time

As revealed by the mixed factorial ANOVA, there were significant main effects of Operation 

(F(1, 41) = 97.91, p < 0.001, partial η2 = 0.71) and Age Group (F(1, 41) = 47.20, p < 0.001, 

partial η2 = 0.54), but not Language (F(1, 81) = 1.54, p = 0.22). There was also a significant 

interaction between Operation x Age Group (F(1, 41) = 6.86, p = 0.012, partial η2 = 0.14). Post 

hoc t-tests revealed that addition was solved more quickly than subtraction (p < 0.001) and adults

were faster than children (p < 0.001), with the relatively faster performance on addition 

compared to subtraction being more pronounced for children than for adults.

Table 5. Performance on in-scanner arithmetic task.

English Spanish
Adults Children Adults Children

Addition 
Accuracy (SD)
RT (SD)

99.2% (1.9)
1197 ms (227)

89.2% (15)
1913 ms (555)

99.6% (1.4)
1202 ms (229)

88.1% (13)
1980 ms (592)

Addition 
Control

Accuracy (SD)
RT (SD)

98.2% (4.5)
1010 ms (154)

95.8% (7.1)
1390 (272)

97.6% (5.2)
1065 ms (184)

95.6% (9.7)
1417 ms (275)

Subtraction
Accuracy (SD)
RT (SD)

96.2% (5.8)
1457 ms (317)

78.3% (18)
2271 ms (568)

98.8% (2.2)
1422 ms (280)

83.6% (16)
2449 ms (759)

Subtraction 
Control

Accuracy (SD)
RT (SD)

93.8% (9.5)
1053 ms (186)

92.2% (11)
1358 ms (309)

96.6% (6.9)
1081 ms (186)

93.9% (13)
1388 ms (270)

Accuracy (reported in percentage correct out of 100), reaction time (RT; reported in milliseconds), and 
their standard deviations (in the same units) are reported, separated by Language and Age Group.

Whole-brain within-language maps for arithmetic in English and Spanish (age groups and 

operations combined)

The contrast of arithmetic > active control during English and also during Spanish (collapsed 

across arithmetic operations and age groups; Figure 4) revealed broad areas of activation 

spanning bilateral middle, inferior, and medial frontal gyri, precentral gyrus, superior and 

inferior parietal lobules, angular gyrus, insula, and cingulate gyrus, as well as subcortical areas 
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such as the cerebellum and claustrum. Note that both contrast maps yielded a single large cluster 

spanning many voxels (English: 26293; Spanish: 10331 voxels). Thus, for both contrasts, sub-

peaks of each area of activation are reported in Table 6, as determined by SPM12. Where 

activation spans multiple Brodmann areas, both are reported.

Figure 4. Group maps for brain activity during arithmetic (compared to the active control 

task) in English (top) and Spanish (bottom), collapsed across arithmetic operations and age

groups.
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Table 6. Anatomical locations and MNI coordinates of significant activation for the 

contrast of task > active control task, separately for English and Spanish (collapsed across 

arithmetic operations and age groups).

Anatomical location
Brodmann

area
MNI Coordinates

x y z

English (arithmetic > active control)
L middle frontal gyrus 6 -36 4 58
L inferior frontal gyrus 9 / 44 -48 12 16
L medial frontal gyrus 6 / 32 -8 8 56
L precentral gyrus 6 -46 2 38
L superior parietal lobule 7 -30 -58 52
L inferior parietal lobule 40 -48 -48 48
L angular gyrus 39 -26 -56 42
R medial frontal gyrus 6 8 18 42
R cingulate gyrus 32 12 20 38
R claustrum - 30 22 -2
R cerebellum - 32 -66 -28

Spanish (arithmetic > active control)
L middle frontal gyrus 6 / 46 -40 32 18
L inferior frontal gyrus 9 / 44 -42 6 28
L medial frontal gyrus 6 -2 8 60
L insula 13 -38 14 8
L precentral gyrus 6 -40 0 42
R inferior frontal gyrus 44 60 16 10
R medial frontal gyrus 9 30 42 12
R insula 13 36 26 2
R cingulate gyrus 32 8 28 26

Whole-brain mixed factorial ANOVA

The mixed factorial ANOVA, using the contrast of arithmetic > fixation revealed no main effect 

of Language, and no interactions between Language and Operation, Language and Age Group, 

or all three factors.
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Region of interest mixed factorial ANOVA

The ROI analysis, using the contrast of arithmetic > fixation, revealed no main effect of 

Language, and no interactions between Language and Operation, Language and Age Group, or 

all three factors.

Bayesian region of interest analyses

When examining the mean signal averaged across task runs for each arithmetic task versus 

fixation in each of the 14 ROIs, in all regions we found “substantial,” “strong,” “very strong,” or 

“decisive” evidence for the null hypothesis (Wetzels et al., 2011), as indicated by BF01 values 

ranging from 5.6 to 2278.

Results are displayed as a color table (Figure 5), where increasing intensity of blue 

denotes increasingly strong evidence for the null hypothesis, and increasing intensity of orange 

denotes increasingly strong evidence for the alternative hypothesis. There were no regions with 

values in the orange range.
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Figure 5. Color table showing the Bayes Factor01 values for regions of interest (ROIs), the 

same seven regions in each hemisphere. These include the hippocampi (HC), superior parietal 

lobules (SPL), intraparietal sulci (IPS), angular gyri (AG), supramarginal gyri (SMG), inferior 

frontal gyri (IFG), and middle frontal gyri (MFG).  The color bar indicates the strength of the 

evidence for the null and alternative hypotheses. Values are reported for the main effect of 

Language and for its interactions with Operation and Age Group, including the three-way 

interaction between all three factors.

DISCUSSION

The purpose of this study was to test for brain activity differences between English and Spanish 

arithmetic processing in early Spanish-English bilinguals. We compared brain activation 

between these two languages as participants completed single-digit arithmetic tasks, and also 

examined any modulatory roles for operation (addition versus subtraction) and age group 

(children versus adults). We began our investigation by examining within-language brain activity

for English and Spanish arithmetic processing, collapsing across operations and age groups. Our 

within-language maps are consistent with prior studies of arithmetic (Arsalidou et al., 2018; 
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Arsalidou & Taylor, 2011), suggesting that our task elicited brain activity reflecting arithmetic 

processing, as intended. The next step was to statistically compare brain activity during the two 

languages.

We did this using a mixed factorial ANOVA, and tested for a main effect of Language, as

well as interactions between Language and Operation, Language and Age Group, and between 

all three factors. We implemented this ANOVA at the level of the whole brain, and post hoc in 

14 ROIs comprising the arithmetic network. Contrary to our predictions and to the only prior 

fMRI study of arithmetic performed in two different languages in balanced bilinguals (Van 

Rinsveld et al., 2017), results both at the whole-brain and ROI levels did now show any between-

language differences in brain activity, nor was there modulation of such an effect by operation or

age group. Finally, we applied a post hoc analysis of Bayes factors to the mean signal extracted 

from these 14 ROIs and found substantial evidence for the null hypothesis in all of these regions,

as indicated by BF01 values above 3 (Wetzels et al., 2011). These findings will be reviewed in the

context of the current literature next.

Does language matter for mental arithmetic?

The question that we introduced at the outset of this study was this: For bilinguals with early use 

and high proficiency in their two languages, combined with familiarity of conducting arithmetic 

in both languages, would one expect the brain to map arithmetic processing onto identical neural 

substrates, or to dedicate distinct functional maps to arithmetic processing in these two 

languages? Our results suggest it is the former, and support a more efficient and likely scenario. 

A prior study has shown differences for arithmetic processing in two languages, suggesting that 
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the language in which arithmetic processing is conducted influences the neural network for 

arithmetic. In short, Van Rinsveld et al. (2017) found differences between German and French 

processing in a left superior temporal region during simple addition, and interpreted this result as

reflecting stronger semantic encoding of arithmetic facts in German. During complex addition, 

they found more widespread differences between languages with greater activity for French in 

various frontal, parietal, and occipital regions, and interpreted these as reflecting the engagement 

of additional executive function and visuospatial processing. Their study represented an 

important advance in the field, as prior research had exclusively been focused on bilinguals with 

substantial differences between their languages in terms of ages of acquisition, proficiency (Lin 

et al., 2012, 2019; Wang et al., 2007), and educational experience (Mondt et al., 2011). Still, it is 

incumbent upon us to discuss the ways in which the Van Rinsveld et al. study, which did find 

between-language differences (albeit ones of a different nature from those in previous studies), 

differed from our own, and how these factors could contribute to our contrasting results. Of note,

the participants studied by Van Rinsveld and colleagues were trilinguals, and it is worth noting 

that the participants’ native language of Luxemburgish bears a much closer relationship to 

German than to French, potentially contributing to the relatively better performance in German 

compared to French, alongside the more obvious factor that arithmetic was learned in German 

first. These various factors were compounded by qualitative differences in the participants’ 

experiences with their two languages, and probably contributed to quantitative differences in 

behavioral performance during complex addition and in brain activation during both simple and 

complex addition.
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Another factor to consider is that Van Rinsveld et al. (2017) found in their complex 

addition task that the more similarly an individual participant performed in both of their 

languages (i.e., the less of a disparity between German and French that they exhibited), the 

weaker the activation. That is, as between-language performance differences approached zero, so

did the activation differences. Therefore, it seems that their observed differences are likely 

attributable to differences in performance. Lin et al. (2019) also attribute their between-language 

differences in brain activity during arithmetic for late bilinguals to differences in performance. 

This is consistent with the general observation that an individual’s second language has been 

reported to activate a broader swath of brain regions than their first language  (Abutalebi, 2008; 

Perani et al., 2003; Yokoyama et al., 2006). Of note, our participants have the earliest ages of 

acquisition of both languages of the neuroimaging studies of bilingual arithmeitc conducted to 

date, and we find no differences in brain activity. This null result remains consistent even when 

we allow for the possibility that differences may be modulated by the effects of operation or age 

group, and when we examine it in a restricted grouping of brain regions, which would increase 

statistical power. This means that our null results are likely attributable to the balanced nature of 

our bilingual participants. With this said, we must next elaborate on the behavioral difference in 

task performance that we observed between languages.

Our behavioral finding of a main effect of Language on accuracy (Spanish problems were

solved more accurately than English problems) suggests that our participants completed the 

arithmetic tasks by opting for a performance tradeoff that maintained equivalently fast reaction 

times in English and Spanish, at the expense of accuracy. An intriguing alternative explanation is

that participants overall had weaker access to representations for English subtraction facts, 
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consistent with Campbell’s encoding complex model (Campbell & Epp, 2004), a concept which 

we will revisit in more detail later. It is of further intrigue that this between-language difference 

in accuracy was driven by low performance for English subtraction—an operation hypothesized 

not to involve language to the same degree as addition. Our behavioral results can also be 

evaluated in tandem with those of Van Rinsveld et and colleagues (2017), who found no 

between-language differences on their simple addition task. Conversely, they did observe 

differences in performance on complex addition, which can be considered to be similar to our 

subtraction task. Regardless of the proposed mechanism, we emphasize that this behavioral 

effect did not reach the level of generating differences in brain activation between languages. It 

is not entirely unprecedented to find a difference in behavior without such a difference in the 

brain; Cerda et al. (2019) found the same in their EEG study of bilingual arithmetic.

In putting forth a version of their encoding complex model of arithmetic processing that is

specific to bilinguals, Campbell & Epp (2004) make the prediction that small (and therefore 

frequently practiced) number facts should be available in both of a bilingual’s languages (see 

also Campbell, Kanz, & Xue, 1999). This makes the small arithmetic problems used in this study

particularly appropriate for eliciting between-language differences that are truly due to distinct 

systems for representation of arithmetic facts or processing, and not due to brain mechanisms 

that reflect compensation for less developed knowledge (such as increased executive function or 

visuospatial processing demands), or translation from a more familiar language to a less familiar 

one. Van Rinsveld et al. (2017) found many more differences between languages on their 

complex addition task compared to the simple addition task, suggesting more neural similarity 

between languages when more solving more familiar problems. Our null result could be taken to 
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mean that, as predicted by the encoding complex model, in proficient early bilinguals the neural 

representations of arithmetic facts in each language are not different enough to emerge at the 

level of univariate activation differences. Future research may consider multivariate patterns of 

activation or adaptation paradigms, which could reveal between-language differences in 

representation at a more fine-grained level. 

No modulatory role for Operation or Age Group on between-language differences in brain 

activity

It was also surprising that we did not find a modulatory role of operation or age group on the 

effect of language on arithmetic. We had expected a greater reliance of addition on language-

mediated retrieval compared to subtraction, and this might have played a modulating role when 

comparing the two languages in which arithmetic was performed. Similarly, when comparing 

adults and children, we considered that adults may employ a smaller variety of strategies 

(preferring to retrieve the solution, no matter the language or operation), given their greater 

experience with arithmetic and with using both of their languages. The finding that neither of 

these factors modulated differences between English and Spanish processing suggests that our 

participants, regardless of age, were utilizing very similar brain regions in order to solve addition

and subtraction problems in both of their languages. 

Shared neural territory for arithmetic in two languages

Ultimately, the present study and that by Cerda and colleagues (2019) provide evidence that 

early and relatively balanced exposure to two languages yields equivalent brain responses in both
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languages during arithmetic. These findings offer insights for bilingual language learning and 

education. Some have expressed concern that bilingualism impedes students’ success in 

cognitive domains such as arithmetic, while others have shown stronger math performance in 

bilinguals relative to monolinguals. Our results suggest that the brain processes arithmetic in 

each of its two languages without engaging additional brain territories. This finding is not 

altogether surprising, as this is naturally the most parsimonious solution for the brain, and indeed

it has been shown in other cognitive domains (e.g., reading) that there are not univariate 

differences between the neural representation of two languages in proficient early bilinguals

(Brignoni-Perez et al., 2020). In the domain of arithmetic this finding is informative as it 

suggests that, for example, circumstances that are known to affect the brain systems that support 

arithmetic (such as math disability or low socioeconomic status) may affect both languages in 

bilinguals equivalently. While this at first seems like a negative prospect, we can consider that it 

is therefore also the case that interventions that improve math outcomes by effecting changes in 

the brain could generate improvements across languages.

Conclusion

Overall, we did not find evidence for the use of different brain systems for arithmetic processing 

in English and Spanish when comparing addition and subtraction in these two languages in a 

group of early Spanish-English bilingual adults and children. This finding did not converge with 

a prior fMRI study of arithmetic in bilinguals, which could be due to the early and balanced 

exposure to both languages among our participant group. We also did not find any modulatory 

role of operation or age group when considering the language used to solve arithmetic problems. 

85



This could be attributable to the simplicity of our single-digit arithmetic task, suggesting that 

both bilingual children and bilingual adults have well-established arithmetic fact representations 

for both simple addition and subtraction problems in both of their languages. The divergence of 

our findings from prior studies of arithmetic in bilinguals highlights a need for further study of 

how diverse bilingual experiences impact the functional neuroanatomy of arithmetic.
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CHAPTER 4

GENERAL DISCUSSION

The studies presented here tackled two of the major questions in the field of bilingualism and the

neural bases of mathematical cognition. First, do bilinguals differ from monolinguals in terms of 

brain activity underlying performance of simple arithmetic tasks? Second, do bilinguals use 

different brain regions when they solve simple arithmetic problems in their two languages? For 

both questions, the answer appears to be no. In Chapter 2, we compared brain activity in English 

monolinguals and Spanish-English bilinguals as both solved visually presented single-digit 

addition and subtraction problems in English. While prior work has not investigated this issue, 

based on a variety of factors we expected to see differences between these groups, and further 

expected that such differences would be modulated by operation (addition versus subtraction) 

and age group (adults versus children). In Chapter 3, we compared brain activity within 

bilinguals as they solved arithmetic problems in English or Spanish. On the basis of prior work 

comparing brain activity during arithmetic in two languages, we expected to find differences in 

brain activity between English and Spanish, and again posited a modulatory role for operation 

and age group. Given our expectations, the null findings in both studies were somewhat 

surprising. Even though our task elicited brain activity during arithmetic processing, we did not 

find any evidence of activation differences between monolinguals and bilinguals, nor between 

English and Spanish in bilinguals. We corroborated this with a further investigation into brain 

activation limited to ROIs specific to the arithmetic network, which increased statistical power 
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by reducing the number of pairwise comparisons between voxels, but this too yielded no results. 

Finally, we used Bayes factors to assess the weight of evidence for the null versus the alternative 

hypotheses, and found strong evidence for the null hypothesis in nearly all ROIs, and no 

evidence for the alternative hypothesis in any ROI.

At the outset of Chapter 2, I introduced the concern that in prior studies of arithmetic in 

the brain, the language backgrounds of participants were largely unknown. This posed a potential

issue for generalizing the findings of these studies to bilingual populations. The existing models 

that describe how arithmetic may be carried out by the mind and brain all give reason to suspect 

that there may be differences between monolinguals and bilinguals in this respect. Further, 

differences on the basis of language experience may have been evidenced via the effect of 

bilingualism on executive function, which is an important component skill of arithmetic. When 

specifically considering the brain, it is compelling to note that bilingual language management, 

executive function, and arithmetic all share some neural overlap, again supporting an 

investigation into the interconnectivity of these cognitive functions. In the first study of its kind, 

we demonstrated that early Spanish-English bilinguals did not differ from English monolinguals 

in brain activation during arithmetic. This suggests that studies of arithmetic may be able to be 

safely generalized from populations of monolinguals to bilinguals, and vice versa, at least in 

cases where exposure to both languages for bilinguals was early and sustained. This is 

particularly promising for the study of math disability (MD), a learning disorder that manifests as

poor arithmetic performance, among other facets of numerical cognition (Butterworth et al., 

2015; Jordan & Hanich, 2003). Efforts to characterize the brain bases of arithmetic have in part 

been motivated by the belief that understanding this system’s functional neuroanatomy and how 

88



it differs in MD will provide insights for improving the outcomes of individuals who struggle 

with arithmetic. It is therefore useful to know that the inclusion of participants with bilingual 

language experience may not have affected the results that form the basis of our understanding of

the brain system that supports this skill. This also means that treatment efforts for individuals 

with MD, developed from this understanding, stand to benefit both monolinguals and bilinguals.

In Chapter 3, the central question was whether the brain bases of arithmetic differed 

between bilinguals’ two languages. Prior research on this point had suggested that brain regions 

were differentially engaged during arithmetic in one language or another; depending on the locus

of these differences, they were variously interpreted to reflect translation or other additional 

cognitive processing. However, in all cases these results were confounded with differences in 

performance between the two languages, somewhat limiting the ability to draw conclusions 

about how the brain represents two well-established languages when it comes to arithmetic. 

Contrary to the prior work, in comparing brain activation during English versus Spanish 

arithmetic in a group of bilinguals with early and sustained exposure to both languages, we found

no differences between languages. This is not entirely unsurprising, given that it is unlikely that 

the brain would adapt to the presence of two languages by using completely different 

mechanisms for arithmetic processing in each, a premise that research in the related educational 

domain of reading has also corroborated (Brignoni-Perez et al., 2020). To return to the point 

described above, this finding also offers some intriguing preliminary predictions for MD. 

Practitioners working with bilingual populations might be concerned about situations where they 

can only offer an intervention in one of a bilingual’s languages. However, our study provides 
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some evidence that, due to the shared neural bases of arithmetic in both languages, MD may be 

equally affecting both, and thus remediation in one language may generalize to the other.

An intriguing explanation for the findings of both studies presented here is provided by

Paap's (2018) controlled-dose hypothesis. Indeed, our group of early bilinguals may be so 

experienced that they no longer recruit unique neural activation compared to monolinguals in 

order to solve arithmetic problems; further, their two languages may be so developed that they no

longer need to recruit unique brain areas to perform arithmetic in English or Spanish. The 

majority of the bilinguals previously studied in neuroimaging studies of arithmetic do not meet 

this description of early mastery of both of their languages; rather, these prior studies classically 

examined bilinguals with substantial differences in proficiency between their two languages (Lin

et al., 2012, 2019; Wang et al., 2007). It could be that a combination of the encoding complex 

model and controlled-dose hypothesis explains these results. For example, perhaps bilinguals 

initially recruit cognitive control resources in order to manage their developing system of 

arithmetic representations in two languages. After some time, they may reach a level of 

automaticity wherein these resources are no longer required to the same extent, and connections 

between arithmetic representations in each language and amodal magnitude representations are 

strong.

It is also potentially the case that our simple arithmetic task was not challenging enough 

to reveal differences on the basis of language experience, which we had predicted would arise in 

part due to bilinguals’ superior executive function skills. It is interesting to note, however, that in

our within-group maps there is evidence of activation in brain areas that are recruited when 

arithmetic tasks place increasing demand on working memory resources, such as the inferior and 
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middle frontal gyri, and cerebellum (Menon, 2014; Arsalidou & Taylor, 2011). It could be the 

case that prior studies that revealed between-language differences in functional activation during 

arithmetic in bilinguals did so due to the increased difficulty of the task. For example, Van 

Rinsveld and colleagues' (2017) study used an auditory task that would undoubtedly place 

demands on working memory, due to the need to maintain the operands in memory before 

beginning the process of calculating the answer, and similarly maintaining the answer in memory

until the solution was presented for verification. Our task had no such demands, as the entire 

problem and its solution were visually presented at once. Thus, it may be the case that prior 

findings of differences between languages emerged due to the higher cognitive load placed on 

participants by the nature of the tasks. A similar explanation could account for our lack of 

differences between monolinguals and bilinguals, though further studies involving tasks that 

require higher cognitive loads are needed to determine this.

INDEPENDENT ROLES OF OPERATION AND AGE GROUP

Briefly, I will turn to a discussion of the main effects and interactions that were not described in 

the preceding chapters, as these were not directly related to our research questions. In Chapter 2, 

collapsing across monolingual and bilingual participants, we found a main effect of Operation in 

the anterior cingulate cortex (a cluster spanning 959 voxels), with addition more strongly 

activating this area than subtraction. We found no main effect of Age Group and no interaction 

between Operation and Age Group. Both of these analyses utilized the same approach as the 

primary analyses in that chapter, which was to compare task against fixation at a height threshold

of p < 0.005 with an FDR-corrected cluster threshold of p < 0.05. On this point, the lack of 
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replication of Evans et al. (2016) is apparent, especially considering that 27 of our monolingual 

participants (15 adults and 12 children) overlapped with theirs. Evans and colleagues found 

greater activation in bilateral temporal regions for addition compared to subtraction, and in 

bilateral parietal lobe as well as left inferior frontal gyrus, insula, and cingulate for subtraction 

compared to addition; they also found age-related changes in activation in several cortical and 

subcortical regions. There are many potential reasons for the differences between our two 

studies, principal among them being more stringent correction for motion in the current study, as 

well as differences in analysis software (SPM12 versus SPM8). Beyond those differences, Evans

et al. (2016) included an additional task in their model (a reading task), treated age as a linear 

variable, and controlled for reaction time, whereas we included an additional participant group 

(bilinguals), treated age as a categorical variable, and did not include behavioral covariates. 

Thus, although some of the same monolingual participants were analyzed in both studies, the 

data were not handled in the same way statistically. This explanation is made even more apparent

when considering that when the present data are examined at an extremely lenient threshold (p < 

0.01 uncorrected), plausible areas of activation that align with prior studies (for example, a main 

effect of Age Group in parietal cortex) begin to appear.

In Chapter 3, we found no main effects of Operation or Age Group, and no interaction 

between these factors, using the same comparison of task versus fixation and at a height 

threshold of p < 0.005 (FDR-corrected cluster threshold of p < 0.05) and collapsing across 

English and Spanish. Again, when examined at an extremely lenient threshold (p < 0.01 

uncorrected), effects of the type that might be expected emerged. Consistent with how lenient 

this threshold had to be in order to reveal effects in both studies, none of the Bayes factors for the
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described effects (main effect of Operation, main effect of Age Group, interaction between 

Operation and Age Group; see Figures A1 and A2) provide convincing support for the 

alternative hypothesis. Furthermore, in the case of both Chapters 2 and 3, it could be that these 

effects were not revealed due to the simplicity of the task. The expectation for differences on the 

basis of both Operation and Age Group are largely dependent on strategy use—i.e., that addition 

and subtraction differ in the predominant strategies used to solve them, and that adults and 

children employ strategies differently. Given that the task consists of single-digit problems 

where no operand was greater than nine, it could well be the case that participants were relying 

almost exclusively on retrieval for all problems. Alternative accounts have posited that small 

problems are solved by rapid deployment of procedural strategies as opposed to retrieval (Fayol 

& Thevenot, 2012); if that were the case for our participants, that would still yield the results we 

observed of no main effects of Operation or Age Group, and no interaction between these 

factors. Evans et al. (2016) did find differences between addition and subtraction using the same 

task and some of the same participants as in the present study, but again there were notable 

differences between our analysis methods.

LIMITATIONS

A potential limitation of this study is the heterogeneity of our bilingual participants’ language 

experiences, which could play a role both in comparison to monolinguals and in comparisons 

between English and Spanish. Indeed, heterogeneity across participants has drawn criticism in 

studies of the representation of number in the brain (Cohen Kadosh, Cohen Kadosh, Kaas, 

Henik, & Goebel, 2007). In the existing study that provided support for between-language 
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differences in brain activation during arithmetic (Van Rinsveld et al., 2017), participants had 

very homogenous linguistic backgrounds. It could be the case that systematic differences 

between the neural representation of two languages for arithmetic would not emerge in a more 

heterogenous group, and the study presented in Chapter 3 provides potential support for this. 

Again, I highlight that my analysis of Bayes factors in both chapters reveals strong evidence for 

the null hypothesis, suggesting that it is not the case that differences between monolinguals and 

bilinguals or between languages were lingering under the surface, waiting to be uncovered by a 

lenient enough statistical threshold.

Our task was visual, which lends it some ecological validity but leaves it open to 

challenge on the grounds that bilingual participants were asked, rather than required by the 

design of the task (as they would be in an auditory task), to think in one language versus the 

other. I note that our task revealed reaction time differences between monolinguals and 

bilinguals, as have others that used digit stimuli (Mägiste, 1980). Further, it revealed accuracy 

differences between languages (for the operation of subtraction only), suggesting that 

participants were not simply ignoring our instructions and choosing to perform the task in their 

most comfortable language during all runs. Had performance been consistent, it would have been

difficult to distinguish this possibility from the alternative explanation that the participants had 

perfectly balanced performance in both languages. Therefore, there is evidence from behavior 

that participants did attempt to do as asked, and no evidence that they were engaging brain 

mechanisms associated with translation in order to accomplish this.

Relatedly, happenstance features of the experimenters over the years may have 

contributed to variation in testing procedures. The researcher who collected the first half of the 
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bilingual adult data was not a Spanish speaker. The remainder of the adult data and all of the data

from the bilingual children were collected by myself and a fellow doctoral student. I speak 

Spanish as a second language and am not bicultural; in essence, I pass as an English 

monolingual. My bicultural colleague, both by her name and her accent when speaking English, 

signaled to our participants that she was someone with whom they could potentially speak 

Spanish. Thus, depending on which of us they’d interacted with, participants may have been in 

more of a monolingual or a bilingual mode during the study, which may have impacted the 

mental “activation” levels of each of their languages (for a thorough discussion of this issue in 

experimental studies of bilinguals, see Grosjean, 2008, 2010).

Both studies presented in this dissertation used an arithmetic verification task, wherein 

participants saw an already solved addition or subtraction problem and had to determine whether 

the presented solution was correct or incorrect. This task has advantages in its simplicity, 

enabling participants of all ages that we tested to successfully evaluate most problems within the 

four second response window and respond with a binary button press. It also renders this task’s 

plausibility for MRI scanning high, as opposed to production tasks requiring a verbal response 

that must be produced without generating excessive motion, captured by recording software, and 

later coded. However, some researchers have argued that verification tasks do not tap the same 

mental processes as production tasks (Zbrodoff & Logan, 1990; but, see Ashcraft, Fierman, & 

Bartolotta, 1984). Criticisms lobbied against verification tasks include that participants make 

judgements about solution correctness based on properties such as parity (Krueger & Hallford, 

1984) and familiarity (Campbell & Tarling, 1996), without actually requiring calculation of the 

answer. Intriguingly, an acalculic stroke patient who exhibited a substantial difference in 
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addition versus subtraction performance on a production task showed no such distinction on a 

verification task, calling into question the similarity of these two types of tasks (Dagenbach & 

McCloskey, 1992; but, see McNeil & Warrington, 1994). Here it is worthwhile to mention that 

Van Rinsveld et al. (2017) also used a verification task, which means that the disparity between 

our findings cannot be resolved on these grounds.

FUTURE DIRECTIONS

As the brain bases of arithmetic processing in bilinguals have received little investigation, we 

undertook this study by beginning with the most straightforward scenario: comparing 

monolinguals to early bilingual users of the same two languages. Our findings leave open many 

future avenues of research that will add to the emerging picture of the brain bases of bilingual 

math cognition.

Perhaps the most obvious direction to turn next would be to investigate further 

dimensions of the bilingual experience. This could include studying aspects of that experience in 

a linear rather than categorical way (Luk & Bialystok, 2013), such as asking whether differing 

ages of acquisition of a bilingual’s second language impact the neural bases of arithmetic 

processing. This is quite likely to prove interesting, as our findings are already indicative of 

differences between studies of arithmetic in early versus late bilinguals (i.e., other studies found 

differences and we do not). Further, it would be interesting to study a more diverse group of 

bilinguals with heterogenous combinations of languages. Existing studies have focused on 

bilingual populations who all have their two languages in common (i.e., English and Spanish in 

the present studies, German-French or Chinese-English in others); expanding this diversity 
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would facilitate determination of whether there truly is a generalized effect of managing two 

language systems on the brain bases of arithmetic, rather than effects that are so specific as to 

only emerge when comparing linguistically homogenous populations.

A verbal math task, wherein the stimuli consist of written out number words (i.e., two + 

three = five), may help to elucidate questions of differences between languages in the brain 

representation for arithmetic, though the ecological validity of this task is certainly lower. 

Written out number stimuli have been used in fMRI studies of bilinguals (Grabner et al., 2012; 

Le Clec’H et al., 2000; Venkatraman et al., 2006), but the analyses in these studies were not 

designed to explore between-language differences. In an ERP study of bilinguals, Salillas and 

Wicha (2012) observed subtle differences in processing between arithmetic problems presented 

in Arabic digits versus English or Spanish number words; this digit versus number word 

difference was later replicated by the group in monolinguals, with further implications from the 

EEG results that arithmetic processing in these formats elicited spatially distinct brain activity

(Wicha et al., 2018). A behavioral study found that digit and number word stimuli enjoy 

differential access to magnitude and lexical representations (Van Harskamp & Cipolotti, 2001). 

Another consideration is that verbal math tasks have been shown to elicit greater use of 

procedural strategies (Campbell & Fugelsang, 2001), which would therefore potentially change 

the brain activation observed during the task, given that strategy choice is known to impact this 

measure. Further, verbal math tasks are solved more slowly and with more errors (Campbell, 

1994), and this has already been demonstrated to be true in bilinguals, even when word problems

were presented in their considerably stronger language (Frenck-Mestre & Vaid, 1993). This more

effortful processing could again compromise the expected brain activity when comparing 
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between tasks. In line with these predictions, while to some extent written out number words 

appear to activate the same brain areas as Arabic numerals, there is evidence that such stimuli 

evoke distinct brain activity as well (for a review, see Cohen Kadosh & Walsh, 2009). Verbal 

and digit arithmetic tasks may therefore not be comparable, but analyzing a verbal math task on 

its own, conducted in two languages, could prove fruitful for elucidating whether the neural 

bases of arithmetic processing in two languages are truly different. In the present participant 

group, these data were collected in English and Spanish for bilingual adults and are available for 

future study. Naturally, it also comes to mind that an auditory arithmetic task, as used by Van 

Rinsveld et al. (2017), would potentially be fruitful. Such a task similarly ensures that input was 

in the language desired by the experimenters, potentially offering more assurance that 

participants were completing the task in that language.

It would be of interest for future research on the brain bases of math processing in 

bilinguals to use a word problem task, as this has been studied behaviorally in the context of 

bilinguals in their two languages (Bernardo, 2002) and in comparisons between bilinguals and 

monolinguals (Secada, 1991). One group has already begun to investigate word problems in the 

context of bilingual advantages in executive function. Kempert, Saalbach, & Hardy (2011) found

that performance on word problems was strongly related to proficiency in the testing language 

(i.e., bilingual children with weaker language skills in this language did more poorly than 

monolingual children). Remarkably though, on problems containing distracting numerical 

information that children had to sift through in order to answer the problem correctly, bilinguals’ 

performance was equivalent to that of monolinguals. Given these prior studies, our bilingual 

group is not the best one to test this, as they’re quite proficient at reading in both languages
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(Brignoni-Perez et al., 2020) and do not differ from monolinguals in terms of their reading skill

(Brignoni-Perez, 2020); thus, they do not exhibit a disparity on the basis of which to predict 

differences in performance.

We began the investigation into the brain bases of mathematical processing in bilinguals 

by studying the very basic skill of single-digit arithmetic. Beyond word problems, it would no 

doubt be of interest for researchers to next turn to the study of bilingualism’s effects on more 

advanced skills, such as fraction knowledge, algebraic reasoning, or geometry (Ansari & Lyons, 

2016).

This study examined only activation, leaving open the possibility that bilingualism does 

not impact this modality but does impact network-level interactions (as has been shown for 

reading; Brignoni-Perez, 2020). Functional connectivity analyses are one way to investigate this. 

Multivariate pattern analysis could also prove interesting, asking whether distributed patterns of 

brain activity can distinguish between bilinguals and monolinguals, or, within bilinguals, 

between English and Spanish math processing. This approach has been applied to studies of 

between-language differences in Spanish-English bilingual reading (Brignoni-Perez et al., 2020) 

and to studies of arithmetic development (Chang et al., 2015; Cho et al., 2011). Similarly, the 

technique of functional magnetic resonance adaptation may prove fruitful in identifying patterns 

of difference between monolinguals and bilinguals or between languages at the sub-voxel level. 

An even less studied area is that of changes in brain structure in bilinguals, particularly in the 

context of math. Each of these modalities will no doubt contribute unique information to the 

emerging picture of bilingualism’s effects on the neural underpinnings of math skills.
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Another intriguing direction for future research has to do with MD. While the intersection

of bilingualism and MD has not yet been studied, it stands to reason that these two phenomena 

may interact via their shared impact on executive function. A deficit in executive function is one 

of the proposed causes of MD (e.g., Geary, Brown, & Samaranayake, 1991; Geary, Hoard, Byrd-

Craven, & DeSoto, 2004; Swanson & Beebe-Frankenberger, 2004), and is a domain in which 

bilinguals are believed to be advantaged (e.g., Bialystok, Craik, & Luk, 2012). Given these 

relationships, we might expect a finding such as a lower incidence of MD among bilingual 

individuals. However, this has been tested in the related case of combined attention deficit 

hyperactivity disorder (ADHD) and bilingualism (Bialystok, Hawrylewicz, Wiseheart, & Toplak,

2017), where the hypothesis was that the cognitive benefits of bilingualism would rescue the 

deficits of ADHD. Contrary to that expectation, the combination in fact proved detrimental. Such

a finding has also been replicated in the case of combined bilingualism and reading disability 

(RD; Jalali-Moghadam & Kormi-Nouri, 2015). Thus, there is some evidence to suggest that 

when bilinguals are exposed to an additional cognitive challenge, it may render them incapable 

of capitalizing on the cognitive advantages afforded by their bilingual experience. Despite the 

lack of results with ADHD and RD, pursuing the idea of bilingualism as potentially offering a 

protective effect from math disability is worthwhile, as bilingualism has indeed been shown to 

rescue the effects of poverty on executive function (Carlson & Meltzoff, 2008), suggesting that a

positive interaction is possible.
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SUMMARY

In two studies, this dissertation examined the neural bases of bilingual arithmetic cognition. 

There is a scarcity of research on this phenomenon, but the available evidence suggested that 

bilinguals may differ from monolinguals given the relationships between language, executive 

function, and arithmetic, each of which could be impacted by the bilingual experience. Further, 

prior evidence indicated that bilinguals activate the brain differently when doing arithmetic in 

each of their languages, especially when their exposure to and performance in these languages is 

not equally strong. The first study presented in this dissertation suggested that the experience of 

early, lifelong bilingualism does not result in any brain activity differences from monolinguals 

during arithmetic, and in fact there is strong evidence in support of this null finding when it is 

examined using Bayes factors. Similarly, the second study revealed no differences in brain 

activity that would be indicative of a need to engage differential processing (such as translation) 

in order to successfully calculate in both languages. Together, these findings offer up an 

informative example of a successful bilingual outcome, suggesting that the human brain is 

resilient to the early experience of acquiring two languages and can perform arithmetic in both, 

with no apparent differences between languages or differences from monolinguals.
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APPENDIX

Table A1. Studies cited in meta-analyses and reviews of the brain bases of arithmetic. These

include Arsalidou and Taylor, 2011 (adults); Arsalidou et al., 2018 (children); and Peters and De 

Smedt, 2018 (children and adults).

Study Location Age 
Group

Operation Bi/Mono/
Multi/?

Language 
Details

1. Ashkenazi et
al. 2012

San 
Francisco, 
CA

Children Addition ? None

2. Berteletti et 
al. 2015

Chicago, IL? Children Subtraction ? None

3. Berteletti et 
al. 2014

Chicago, IL Children Multiplication ? Native 
English 
speakers

4. Chang et al. 
2015

San 
Francisco, 
CA

Children 
& Adults

Addition
Subtraction

? None

5. Chang et al. 
2016

San 
Francisco, 
CA

Children 
& Adults

Subtraction ? None

6. Cho et al. 
2011

Northern CA Children Addition ? None

7. Cho et al. 
2012

Stanford, 
CA?

Children Addition ? None

8. Davis et al. 
2009a

Nashville, 
TN

Children 
& Adults

Addition ? None

9. Davis et al. 
2009b

Nashville, 
TN

Children Addition ? None

10. Demir-Lira 
et al.

Chicago, IL Children Subtraction ? Native 
English 
speakers

11. De Smedt et 
al. 2011

London, 
ON, Canada

Children Addition
Subtraction

Likely bilingual
due to country

None

12. Du et al. 
2013

Hangzhou, 
China?

Children Addition ? “Urban 
Chinese 
children”

13. Evans et al. 
2014

Washington,
DC

Children Addition
Subtraction

Monolingual English

14. Evans et al. 
2016

Washington,
DC

Children 
& Adults

Addition
Subtraction

Monolingual English 
speakers
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Study Location Age 
Group

Operation Bi/Mono/
Multi/?

Language 
Details

15. Iuculano et 
al. 2015

San 
Francisco, 
CA

Children Addition ? None

16. Kawashima 
et al. 2004

Tokyo, 
Japan

Children 
& Adults

Addition 
Subtraction
Multiplication

? None

17. Krinzinger et
al. 2011

Aachen, 
Germany

Children Addition ? None

18. Kucian et al. 
2008

Zurich, 
Switzerland

Children 
& Adults

Addition Likely bilingual
due to country

German

19. Meintjes et 
al. 2010

Cape Town, 
South Africa

Children Addition ? None

20. Metcalfe et 
al. 2013

San 
Francisco, 
CA

Children Addition ? None

21. Mondt et al. 
2011

Brussels, 
Belgium

Children Addition
Subtraction

Bilingual Early (before 
age 6) 
“proficient” 
French/Dutch
speakers; 
some had 
learned the 
testing 
language at 
school and 
others only at
home

22. Peters et al. 
2016

Leuven, 
Belgium

Children Subtraction Likely bilingual
due to country

Dutch 
(implied)

23. Prado et al. 
2014

Chicago, IL Children Subtraction
Multiplication

? Native 
English 
speakers

24. Price et al. 
2013

Baltimore, 
MD

Children 
(17-18 
y.o.)

Addition
Subtraction

? English 
speaking

25. Qin et al. 
2014

San 
Francisco, 
CA

Children 
& Adults

Addition ? None

26. Rivera et al. 
2005

San 
Francisco, 
CA

Children 
& Adults

Addition
Subtraction

? None

27. Rosenberg-
Lee et al. 
2011

San 
Francisco, 
CA

Children Addition ? None
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Study Location Age 
Group

Operation Bi/Mono/
Multi/?

Language 
Details

28. Rosenberg-
Lee et al. 
2015

San 
Francisco, 
CA

Children Addition
Subtraction

? None

29. Dehaene et 
al. 1999

France? Adults Addition ? “French 
students”

30. Chochon et 
al. 1999

Paris, France Adults Multiplication ? None

31. Lee 2000 Seoul, Korea Adults Subtraction
Multiplication

? Korean 
(implied)

32. Rickard et 
al. 2000

USA Adults Multiplication ? None

33. Menon et al. 
2000

Stanford, 
CA

Adults Addition
Subtraction &
Multi-Operand 
Addition/Subtraction

? None

34. Stanescu-
Cosson et al.
2000

Orsay, 
France

Adults Addition ? None

35. Prabhakaran 
et al. 2001

Stanford, 
CA

Adults Addition
Subtraction
Multiplication
Division
(word problems)

? English 
(implied)

36. Landro et al. 
2001

Bergen, 
Norway

Adults Addition
(n-back format)

? None

37. Menon et al. 
2002

Stanford, 
CA

Adults Addition
Subtraction &
Multi-Operand 
Addition/Subtraction

? None

38. Simon et al. 
2002

Orsay, 
France

Adults Subtraction ? French 
(implied)

39. Delazer et al.
2003

Innsbruck, 
Austria?

Adults Multiplication ? None

40. Molko et al. 
2003

France Adults Addition ? None

41. Hanakawa et
al. 2003

Japan Adults Addition ? None

42. Delazer et al.
2004

Innsbruck, 
Austria?

Adults Multiplication ? None

43. Audoin et al.
2005

Marseille, 
France

Adults Addition ? First 
language 
French 
speakers

44. Kong et al. 
2005

Charlestown
, MA

Adults Addition
Subtraction

? None
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Study Location Age 
Group

Operation Bi/Mono/
Multi/?

Language 
Details

45. Venkatram-
an et al. 
2006

Singapore Adults Addition Bilingual Exposed to 
both English 
and Chinese 
before age 5; 
at least 10 
years of 
formal 
training in 
both; English
dominant

46. Ischebeck et 
al. 2006

Innsbruck, 
Austria

Adults Subtraction
Multiplication

? None

47. DePisapia et 
al. 2007

Saint Louis, 
MO

Adults Addition
Subtraction
Multiplication

? None

48. Fehr et al. 
2007

Bremen, 
Germany

Adults Addition
Subtraction
Multiplication
Division

? Native 
German 
speakers

49. Sammer et 
al. 2007

Giessen, 
Germany

Adults Addition ? None

50. Zhou et al. 
2007

Sichuan, 
China

Adults Addition
Multiplication

? “Mainland 
Chinese” 
multiplicati-
on table is 
mentioned

51. Grabner et 
al. 2007

Graz, 
Austria

Adults Multiplication ? German 
speaking

52. Ischebeck et 
al. 2007

Innsbruck, 
Austria

Adults Multiplication ? None

53. Tan et al. 
2007

Bethesda, 
MD

Adults Subtraction
(within a size 
judgement and/or 
working memory 
task)

? “European 
descent”

54. Kuo et al. 
2008

Taipei, 
Taiwan

Adults Addition
Subtraction

? None

55. Zago et al. 
2008

Paris, France Adults Addition ? None

56. Ischebeck et 
al. 2009

Innsbruck, 
Austria

Adults Multiplication
Division

? None
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Figure A1. Color table showing Bayes factor (BF01) values for contrasts not presented in 

Chapter 2.

Figure A2. Color table showing Bayes factor (BF01) values for contrasts not presented in 

Chapter 3.
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